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FOREWORD 


(U)  This  Final  Technical  Report  (Contractor’s  Reference  No.  PWA-4291 )  was  prepared  by 
Pratt  &  Whitney  Aircraft  Division  of  United  Aircraft  Corporation,  East  Hartford,  Connecticut, 
as  the  sixth  and  final  Report  under  United  States  Air  Force  Contract  F3361 5-68-C-l  208, 

Project  No.  3066,  Task  No.  306606.  This  report  was  submitted  by  the  Contractor  on  1  Novem¬ 
ber  1971 .  and  covers  the  Contract  period  from  1  January  1968  to  1  November  1971. 

(U)  The  data  presented  in  the  Interim  Technical  Reports  (AFAPL-TR-69-92,  Volumes  I 
through  V)  are  considered  by  the  Contractor  to  be  accurate  and  final. 

(U)  The  Air  Force  Program  Monitor  is  Mr.  Wayne  Tall,  TBC,  Air  Force  Aero  Propulsion 
Laboratory.  Wright-Pat terson  Air  Force  Base,  Ohio  45433. 

(U)  This  report  contains  no  Classified  information  extracted  from  other  Classified  documents. 
(U)  This  technical  report  has  been  reviewed  and  is  accepted. 

t /■■/*•■ 

E.  Clifford  Simpson  / 

Director;  Turbine  Engine  Division 
Air  Force  Aero  Propulsion  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio,  45433. 


(This  page  is  Unclassified) 


UNCLASSIFIED 


UNCLASSIFIED  ABSTRACT 


(U)  An  exploratory  research  program  was  conducted  to  dev¬ 
elop  turbine  aerodynamic  methods  and  design  procedures  for 
efficient  high  work,  low  pressure  turbines.  This  program  con¬ 
sisted  of  various  phases,  including  analyses  of  promising  in¬ 
creased  loading  concepts,  and  experimental  cascade  testing  to 
verify  and  extend  the  turbine  aerodynamic  techniques  and  de¬ 
sign  procedures.  Based  on  these  findings,  a  two-stage  turbine 
was  designed  and  evaluated  in  a  rotating  cold  flow  rig  in  order 
to  demonstrate  the  effectiveness  of  the  techniques. 

(U)  The  results  of  the  efforts  leading  to  the  design  and  evalua¬ 
tion  of  the  demonstrator  turbine  have  been  reported  in  detail 
in  previously  published  Interim  Technical  Reports  (AFAPL- 
TR-69-92,  Volumes  1  through  5).  This  final  Technical  report 
(AFAPL-TR-69-92,  Volume  6)  summarizes  that  work  and  pre¬ 
sents  in  its  entirety  the  design  and  results  of  the  investigation 
of  the  demonstrator  turbine  builds. 
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SECTION  I 
INTRODUCTION 

(U)  The  design  analysis  and  optimization  of  aircraft  jet  engines  has  always  involved  a  trade 
between  increasing  turbine  efficiency  and  reducing  turbine  size  and  weight.  The  bypass  tur¬ 
bofan  engine  has  become  an  attractive  propulsion  system  for  future  multi-mission  aircraft. 

The  specific  fuel  consumption  of  bypass  engines  generally  decreases  w  Teasing  bypass 
ratio,  and  it  is,  therefore,  essential  to  achieve  advances  in  bypass  (low.  n„..over,  increased 
bypass  ratios  require  increased  fan  power  supplied  by  the  low  pressure  turbine.  The  objec¬ 
tive,  then,  is  to  increase  fan-drive  turbine  power,  or  loading,  while  maintaining  or  improving 
the  turbine  aerodynamic  efficiency. 

(U)  The  turbine  designer  is  constrained  by  certain  unique  requirements  when  designing  fan- 
drive  turbines.  The  rotational  speed  of  the  low  pressure  turbine  must  be  limited  in  order  that 
the  fan  tip  Mach  number  does  not  exceed  tin  limit  for  reasonable  losses.  This  problem  be¬ 
comes  more  critical  as  the  bypass  ratio  and  fan  diameter  increase.  Applying  conventional 
aerodynamics,  when  faced  with  a  limiting  rotational  speed,  the  designer  usually  increases 
the  diameter  of  the  low  pressure  turbine  stages  or  increases  the  number  of  stages  in  order  to 
obtain  more  work  and  still  maintain  turbine  efficiency.  Conversely,  the  reduction  of  turbine 
diameter  or  solidity  results  in  a  lighter  turbine,  but  with  a  sacrifice  in  efficiency  due  to  losses 
associated  with  increased  loading.  Considerable  gains  can  be  realized  by  an  engine  if  the  size 
and  weight  reduction  can  be  made  with  no  loss  in  efficiency.  Furthermore,  because  of  the 
time  required  between  the  evolution  of  new  concepts  and  engine  production,  turbine  tech¬ 
nology  must  be  improved  so  that  the  desired  level  of  turbofan  engine  performance  can  be 
achieved  for  aircraft  which  will  be  operational  in  the  1975-1980  time  period. 

(U)  The  objective  of  the  work  done  under  this  Contract  was  to  analyze  and  test  concepts 
which  would  increase  the  low  pressure  turbine  loading  and  maintain  or  increase  current  tur¬ 
bine  efficiency  levels.  The  goals  of  this  program  were  to  develop  turbine  aerodynamic  tech¬ 
niques  and  design  procedures  for  efficient,  high  work,  low  pressure  turbines  by  means  of  ana¬ 
lytical  studies  and  cascade  testing,  and  to  demonstrate  the  effectiveness  of  the  techniques  by 
designing  and  testing  a  two-stage  turbine  that  met  or  exceeded  the  Contract  stage-work  and 
efficiency  goals. 

(U)  The  program  was  conducted  in  four  phases.  Phase  I  defined  the  basic  turbine  design,  and 
promising  increased  loading  concepts  were  analyzed.  Phases  II  and  III  consisted  of  cascade 
testing  to  verify  and  extend  the  turbine  aerodynamic  techniques  and  design  procedures  for 
high  loading  levels.  Phase  IV  subjected  the  aerodynamic  techniques  and  design  procedures 
to  a  two-stage  rotating  rig  test.  An  investigation  of  end  wall  configurations  was  also  made 
as  part  of  an  add-on  to  the  Contract. 

(U)  The  results  of  the  work  performed  in  the  first  three  phases  of  the  Contract  were  reported 
in  detail  in  the  Interim  Technical  Reports  (References  1  through  5)  and  are  briefly  summarized 
in  Section  II  of  this  report.  In  this  Final  Technical  Report,  a  description  of  the  Phase  IV  de¬ 
monstrator  turbine  design,  and  the  results  of  the  turbine  rotating  rig  test  and  data  analysis  are 
presented. 
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CONFIDENTIAL 


SECTION  II 
BACKGROUND 


1.  INTRODUCTION 

(U)  The  results  of  the  first  three  Phases  of  this  Contract  have  been  reported  in  detail  in  Ref* 
erences  I  through  S.  The  pertinent  results  of  this  work  will  be  summarized  in  this  Section, 
mainly  for  convenience  but  also  as  verification  that  the  data  presented  in  the  referenced 
Interim  Technical  Reports  are  considered  to  be  accurate  and  final. 

2.  DISCUSSION 

(U)  The  first  Phase  effort  was  directed  toward  defining  a  turbine  design  with  the  highest 
resistance  to  boundary  layer  separation,  and  to  select  boundary  layer  control  techniques  that 
are  best  suited  for  extending  the  loading  limits  of  the  basic  design. 

(U)  The  turbine  design  parameters  which  were  defined  in  the  Contract  are  those  shown  in 
Table  I.  Based  on  these  parameters,  a  parametric  study  was  made  where  variations  in  work 
distribution,  levels  of  reaction,  solidity  and  flow  path  were  considered.  The  inlet  and  exit 
conditions  were  those  which  represented  current  engine  cycles.  The  flowpath  assumed  a  fixed 
inlet  as  would  normally  be  the  case  for  a  real  engine,  sized  to  close-couple  with  a  high  pressure 
turbine.  A  constant  inside  diameter  was  chosen  in  order  to  provide  the  greatest  possible  Made 
speeds.  The  exit  was  sized  for  reasonable  exit  guide  vane  diffusion. 


TABLE  I 

TURBINE  DESIGN  PARAMETERS 


Number  of  Stages  2 

Average  Load  Coefficient,  C^  2.2 

First  Blade  Up  Wheel  Speed  1 000  FPS 

Fust  Blade  Inlet  Hub-Tip  Diameter  Ratio  <  0.8 

Average  Turbine  Gas  Inlet  Angle  65° 

Exit  Swirt  Angle  -  without  Exit  Guide  Vane  <  20° 

-  with  Exit  Guide  Vane  0° 

Turbine  Inlet  Temperature  I4S0°F 

Airflow  >  SO  |b/sec 

Overall  Efficiency  91% 

life  1 0,000  hrs 

increase  Work  Level  Over  Free  Vortex  Design  Capability  >  50% 
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(U)  Figure  I  shows  the  predicted  turbine  efficiency  where  the  exit  area,  reaction  level  and 
stage  work  split  were  varied.  Mean  diameter  static  pressure  reactibn  was  varied  from  25  to  55 
percent,  while  the  work  split  was  evaluated  at  50,  55  and  60  percent  to  the  first  stage.  For 
tne  range  of  exit  areas  investigated,  the  variation  in  efficiency  was  fairly  insensitive.  The  exit 
area  chosen  was  defined  by  the  exit  Mach  number  which  had  to  be  held  to  a  value  acceptable 
for  afterburner  operation  (see  Figure  2),  and  by  exit  guide  vane  considerations  (see  Figure  3) 
where  excessive  swirl  would  present  large  exit  guide  vane  losses.  Based  on  these  considerations, 
the  exit  area  was  fixed  at  264  inches2 . 

(U)  Reaction  levels  were  studied  at  levels  of  25,  30  and  45  percent  for  the  mean  diameter  of 
the  first-stage,  and  25, 40  and  55  percent  for  the  second  stage.  Based  on  the  calculations  of  in¬ 
let  and  exit  conditions,  the  spanwise  inlet  and  exit  Mach  number  distributions  were  determined 
at  these  various  reaction  levels  and  are  shown  in  Figures  4  through  8.  The  highest  reaction  was 
eliminated  from  consideration  due  to  the  high  exit  Mach  number  which  would  result  in  a  large 
exit  guide  vane  turning  requirement,  high  solidity  and  the  possibility  of  choked  root  in  the 
exit  guide  vane,  ail  of  which  would  increase  the  exit  guide  vane  turning  losses. 
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Figure  I  Turbine  Parametric  Study 


RAM  NO.  4 

DOWNAAAMtO  AT  •  T«A«  INTVNAUi 
otCLAMinca  *rr«8  n  rtM. 
DO*  •(*  «  m  «o 


CONFIDENTIAL 


CONFIDENTIAL 


10 


SECOND  STAGE  EXIT  ANNULUS  AREA  ~  IN.2 


Figure  2  Variation  of  Turbine  Exit  Axial  Mach  Number  With  Exit  Area  at  Various 
Reaction  Levels 
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Figure  3 


Variation  of  Turbine  Exit  Swirl  Angle  With  Exit  Area  At  Various  Reaction 
Levels 
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Figure  4  Variation  of  Inlet  Mach  Number  with  Span  at  Various  Reaction  Levels 
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Figure  S  Variation  of  Inlet  Mach  Number  With  Span  at  Various  Reaction  Levels 


’•  6 


DOWNOMAMD  AT  9  TIM  tMTCWVAlfti 
DICLAIHPiKO  A  PTC  A  tt  TEAM. 
BOO  OlR  9. >09  SO 


CONFIDENTIAL 


EXIT  MACH  NUMBER  EXIT  MACH  NUMBER 


CONFIDENTIAL 


FIRST  STAGE  VANE  SECOND  STAGE  VANE 


SPAN  ~  PERCENT  SPAN  ~  PERCENT 

Figure  6  Variation  of  Exit  Mach  Number  With  Sp:  i  at  Various  Reaction  Levels 
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Figure  7  Variation  of  Exit  Mach  Number  With  Span  at  Various  Reaction  Levels 
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Figure  8  Variation  of  Exit  Guide  Vane  Turning  Angle  and  Inlet  Mach  Number  With 
Span  at  Various  Reaction  Levels 


(U)  Solidity  was  considered  next,  and  three  levels  were  considered  at  the  medium  reaction 
level  and  four  solidities  at  the  low  reaction  level.  Preliminary  airfoils  were  designed  based  on 
airfoil  surface  pressure  distribution,  loading  coefficient,  pressure  rise  coefficient  and  maximum 
surface  Mach  number.  Due  to  the  high  loading,  the  turbine  had  a  higher-than-normal  surface 
Mach  number  and  lower-than-normal  airfoil  convergence,  especially  at  the  root  section.  This 
was  predominant  for  the  low  reaction  levels,  which  would  lead  to  large  shock  losses.  A  very 
low  suction  surface  pressure  appeared  near  the  leading  edge,  and  almost  a  continuous 
deceleration  over  the  entire  length  of  the  airfoil.  This  resulted  also  in  a  high  pressure  rise 
coefficient  for  the  low  reaction  designs  and  led  to  the  elimination  of  the  low  reaction  from 
further  consideration.  This,  therefore,  narrowed  the  study  to  the  50/50  stage  work  distribution 
and  the  medium  reaction  level  arrived  at  by  elimination  of  the  high  reaction  configurations 
which  had  an  impractical  exit  guide  vane  design,  and  low  reaction  configurations  which  had 
potentially  a  high  loss  blade  root  airfoil  section. 

(CJ)  Detailed  airfoil  designs  were  now  undertaken,  with  detailed  studies  of  airfoil  surface 
pressure  distributions,  suction  surface  radius  of  curvature,  passage  convergence,  and  airfoil 
cross-sections.  The  goal  was  to  design  for  the  h  'icst  resistance  to  flow  separation.  Two- 
dimensional  preliminary  airfoil  boundary  layer  calculations  to  evaluate  boundary  layer 
characteristics  of  each  airfoil  were  made  to  assist  m  selecting  the  practical  lower  solidity  limit. 
Two  types  of  boundary  layer  calculations  were  made.  The  first  assumed  no  transition 
and  the  calculation  continued  until  either  laminar  separation  was  indicated,  or  the  end  of  the 
airfoil  was  reached.  The  criterion  for  separation  was  a  drag  coefficient  of  0.001  or  less.  The 
second  method  assumed  transition  to  turbulent  flow  at  the  first  minimum  on  suction  side 
pressure  distribution.  However,  these  calculations  do  not  take  into  account  the  three-dimen¬ 
sional  flow  phenomena  which  cause  separation  in  the  suction  surface  comers  prior  to  separa¬ 
tion  on  the  airfoil  contour.  Therefore,  a  drag  coefficient  of  0.002  was  used  as  the  cut-off 
point.  Using  this  criterion  (Ref.  I),  the  normal  solidity  was  chosen  for  preliminary  cascade 
evaluations. 
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(U)  A  boundary  layer  control  literature  survey  was  conducted  of  possible  boundary  layer 
control  methods  that  would  be  effective  for  reducing  secondary  flow.  Secondary  flow  losses 
an.1  ic lined  as  all  losses  not  accounted  for  by  the  skin-friction  losses  on  the  airfoils  and 
annulus  walls.  The  boundary  layer  control  m  -thuds  considered  had  to  be  applicable  to  high 
aspect  ratio,  uncooled  turbines  with  no  ..  sternal  fluid  source  or  sink  available,  feasible  to 
manufacture  and  of  acceptable  structural  integrity.  The  ranking  of  the  methods  selected  was 
grouped  into  two  classes,  depending  on  whether  separation  occurred  or  if  large  comer  losses 
occurred  without  separation.  This  ranking  is  shown  in  Table  II. 

TABLE  II 

CATEGORIZATION  OF  BOUNDARY  LAYER  CONTROL  METHODS 


Unseparated  corner  Boundary  Layer 

•  Local  Recontouring  at  Root  and  Tip 

•  F.nd  Wall  Contouring  at  Root  and  Tip 

•  Local  Uncambering  at  Root  and  Tip 

Separated  Corner  Boundary  Layer 

•  End  Wall  Contouring 

•  Local  Uncambering 

•  Comer  Siots 

•  Fillets 


(U)  The  second  Phase  of  the  total  program  was  to  determine  the  location  and  severity  of 
losses  due  to  airfoil  and/or  corner  boundary  layer  separation.  This  was  accomplished  by 
fabricating  and  testing  a  part-annular  cascade  for  each  of  the  baseline  airfoils  shown  in  Figures 
9  and  10.  A  photograph  nf  i  typical  annular  cascade  assembly  is  show  i  n  Figure  1 1 .  with 
a  cross-sectional  view  s.  rigure  1 2.  Inlet  guide  vanes  were  used  to  turn  the  flow  to  the 

desired  inlet  angle.  Ti.  .verc  made  behind  the  inlet  guide  vane  to  assure  that  the  angle 

requirements  were  c  al  airfoil  in  each  cascade  had  root,  mean  and  tip  surface 

static  pressure  taps  ins.  1  '■  \ it  traverses  were  made  to  measure  exit  angle  and  flow  losses, 
and  define  regions  of  sepai..  i,  if  any.  Boundary  laver  bleeds  at  the  entrance  to  the  cas¬ 
cade  were  used  to  give  a  two-dimensional  flow  chanu  ristic.  Flow  visualization  of  airfoil 
and  cndwalls  was  also  made  on  each  airfoil. 

(U1  Each  cascade  was  tested  al  the  design  Reynolds  number,  design  incidence,  and  at  three 
Mach  numbers  around  the  design  point.  The  objectives  of  these  tests  were  met  by  measuring 
all  important  aerodynamic  properties  at  cascade  inlet  and  exit  planes,  by  reconstruction  of  the 
entire  exit  plane  loss  distribution  and  exit  flow  pattern,  by  measurements  of  airfoil  surface 
static  pressure  distributions  at  three  radial  locations  and  by  flow  visualization  of  airfoils  and 
cndwalls.  A  summary  of  the  design  point  loss  distribution  is  shown  in  Figure  13.  The  per¬ 
formance  of  the  baseline  airfoils  was  very  similar:  no  corner  boundary  layer  separation  was 
observed  in  any  of  the  baseline  cascades. 
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Figure  10  Turbine  Test  Airfoil  Elevations 


pa<»  no.  10 


UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


012 

0,10 

»- 

—  0.06 

u 

£ 

1L. 

Ul 

o  ace 

8 

mi 

mm 

1 

-FIRST  VANE 

4 

/ 

- 

— - 

-  FIRST  B 

-  SECONC 

-  SECONC 

LAOE 

VANE 

>  BLADE 

■ 

f 

k\ 

jLj 

Ja 

k\\ 

M 

91 

m 

II 

¥■* 

U 

m 

s 

s 

m 

m 

§1 

m 

IS 

0 

■ 

m 

■ 

■ 

m 

p 

m 

>S  F  ED) 

0  10  20  30  40  50  60  70  80  90  100 


RADIAL  SPAN  ~  PERCENT 

Figure  13  Loss  Coefficient  Versus  Percent  Span  -  Baseline  Airfoils 

(U)  In  order  to  compare  the  midspan  losses  with  those  measured  in  the  annular  cascade, 
and  to  verify  the  accuracy  of  the  two-dimensional  prediction  procedure,  plane  cascade  tests 
of  the  mean  sections  of  each  airfoil  were  also  made.  These,  in  addition  to  root  sections  of 
the  second  vane  and  blade,  were  tested  in  tne  facility  shown  in  Figure  14.  A  typical  plane 
cascade  pack  is  shown  in  Figure  1 5.  During  these  tests  both  the  inlet  and  exit  pressures  were 
independently  controlled,  as  well  as  the  inlet  temperature  level,  allowing  correct  simulation 
of  inlet  and  exit  Mach  number  and  Reynolds  number.  A  comparison  of  the  resulting  measured 
losses  is  shown  in  Table  III.  The  midspan  section  loss  coefficients  for  the  first  vane,  first  blade, 
second  vane  and  second  blade  measured  in  the  plane  cascade  were  consistent  with  the  mean 
values  measured  in  the  annular  segment  cascade. 

(U)  The  second  vane  was  selected  for  investigating  various  boundary  layer  control  tech¬ 
niques.  Because  the  comer  boundary  layer  remained  attached,  only  the  first  group  of  boun¬ 
dary  layer  control  methods  was  applicable.  These  methods  were  intended  to  minimize  se¬ 
condary  flow  losses  at  the  root  and  tip  regions.  The  principal  techniques  selected  were:  ( 1 ) 
local  recontouring  of  the  airfoil,  (2)  local  recambering  of  the  airfoil,  and  (3)  endwall  con¬ 
touring. 

(U)  The  second  vane  was  recontoured  as  indicated  in  Figures  16  and  17.  The  sunace  static 
pressure  gradient  at  the  leading  edge  portion  was  reduced  in  order  to  decrease  the  loading 
toward  the  airfoil  leading  edge,  while  keeping  the  overall  loading  constant.  These  changes 
were  intended  to  delay  the  onset  of  strong  secondary  flow  in  the  upstream  portion  of  the 
channel,  and  thereby  to  reduce  the  total  accumulation  of  secondary  flows  near  the  airfoil 
suction  comers. 
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TABLE  IU 


MEASURED  PLANE  CASCADE  LOSS  COMPARISON 
WITH  MEASURED  MIDSPAN  ANNULAR  CASCADE  LOSS 
AND  PREDICTED  LOSS  AT  DESIGN  REYNOLDS  NUMBERS 


Loss  Coefficient  Loss  Coefficient 

Measured.  \-$2  Predicted,  \-<fr2 


Midspan 

Section 

Exit 

Mach 

Number 

Plane 

Cascade 

First  Vane 

0.852 

0.025 

First  Blade 

0.788 

0.025 

Second  Vane 

0.870 

0.024 

Second  Blade 

0.904 

0.023 

Annular 

Cascade 

Global 

Correlation 

Fully 

Turbulent 

Boundary 

Layer 

0.017 

0.023* 

0.031 

0.031 

0.027 

0.036 

0.049 

0.021 

0.028* 

0.036 

0.034 

0.028 

0.030 

0.040 

■  ;,h  iniet  turbulence  screen 
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Figure  16  Second-Stage  Vane  Baseline  Airfoil  Recontouring,  Root  Section  Static 
Pressure  Redistribution 
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Figure  1 7  Secoad-Stagr  Vane  Baseline  Airfoil  Recontouring,  Tip  Section  Static 
Rcsur  Redistribution 

(U)  A  locally  recambered  second  vane  was  also  evaluated  where  the  tip  exit  angle  was  reduced 
(closed  5°)  while  the  root  was  increased  (opened  5°).  These  were  then  faired  into  the  25 
and  75  percent  span  sections.  These  changes  arc  shown  in  Figures  18  and  19.  Such  changes 
were  believed  to  have  a  tendency  to  reduce  the  root  overturning  and  tip  undertuming.  Tip 
loading  was  increased,  but  the  increase  in  passage  convergence  shifted  the  loading  toward  the 
trailing  edge.  This  reduces  the  pressure  difference  between  suction  and  pressure  sides  of  the 
channel  at  the  forward  end  and  will  tend  to  delay  the  onset  of  strong  secondary  flow. 
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Figure  1 8  Second-Stage  Vane  Root  Section  Recambering 
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Figure  1 9  Second-Stage  Vane  Tip  Section  Recambering 


(U)  Endwall  contouring  was  another  method  which  held  promise  of  reducing  the  local  airfoil 
loading,  and  therefore  the  secondary  How  losses,  without  causing  any  appreciable  disturbance 
to  the  flow  at  the  other  sections  of  the  airfoil.  The  goal  was  to  achieve  a  reduction  in 
strength  of  the  secondary  flow  field  in  order  to  reduce  the  tangential  pressure  difference  near 
the  endwall.  Two  computer  programs  were  used  to  design  the  wall  contours.  The  first  calculated 
the  pressure  distribution  around  an  airfoil  of  the  desired  profile  on  a  cylindrical  surface.  This 
program  allows  stream  tube  height  variations,  but  cannot  account  for  radial  pressure  gradients. 

The  second  program  performs  axisymmetric  intrablade  calculations.  The  requirements  were  such 
that  the  contour  must  decrease  the  local  airfoil  loading,  and  not  cause  flow  separation  on  the  end- 
walls.  The  best  contour  was  analyzed  to  be  one  with  a  sinusoidal  inlet  and  exit  wall  height  dis¬ 
tribution,  with  leading  and  trailing  edges  intersecting  at  inflection  points  as  shown  in  Figure  20. 

(U)  The  spanwise  profile  loss  distributions  are  shown  in  Figure  21  for  the  various  treatments. 

For  the  recontoured  airfoil,  there  was  a  slightly  lower  loss  at  both  the  inside  and  outside  dia¬ 
meter  walls,  with  only  a  slight  change  to  overall  loss.  Exit  angles  were  almost  identical  to  baseline 
values  (see  Figure  22)  with  some  increase  in  undertuming  at  the  tip  section.  No  separation  was 
indicated  in  the  flow  visualization  tests. 

(U)  Endwall  contouring  indicated  a  negligible  increase  in  loss  level  at  the  root  section  and  a  large 
increase  in  loss  coefficients  at  the  tip  section  when  compared  to  the  baseline  results.  The  exit  angle 
measurements  indicated  a  large  undertuming  at  the  root  and  tip  sections. 

(U)  The  recambered  airfoil  root  loss  measurements  showed  a  significant  reduction,  with  only 
a  slight  increase  at  the  tip,  when  compared  with  baseline  values.  The  angle  measurements 
indicated  attached  flow  and  only  a  slight  undertuming  from  the  design  values.  The  toot  section 
had  a  slightly  increased  undertuming  from  baseline  design  with  no  separation  indicated  by  flow 
visualization.  A  summary  of  the  integrated  losses  for  the  various  endwall  treatments  is  shown 
in  Table  IV. 
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Figure  2 1 
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Figure  20  End-Wall  Contouring.  Second-Stage  Vane 
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Comparison  of  Baseline  Loss  Coefficients  With  Those  of  Various  Boundary 
Layer  Control  Methods 
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Figure  22  Comparison  of  Baseline  Exit  Flow  Angles  With  Those  of  Various  Boundary 
Layer  Control  Methods 


TABLE  IV 

INTEGRATED  AVERAGE  PROFILE  COEFFICIENTS 
SECOND  VANE  CASCADE 

Loss  Coefficient  ( 1-tf 2  ) 

Midspan  Midspan 

Mach  No.  Overall  To  I.D.  To  O.D. 


Baseline 

0.860 

0.0349 

0.0353 

0.0345 

Recontoured  Airfoil 

0.863 

0.0336 

0.0338 

0.0334 

End  Wall  Contoured 

0.843 

0.0428 

0.0374 

0.0482 

Recambered  Airfoil 

O.oSO 

0.0329 

0.0286 

0.0372 
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(U)  Based  on  these  results,  the  recambering  at  the  root  and  tip  appeared  to  have  the  best  promise 
of  reducing  the  endwail  losses.  Additional  geometric  variations  of  the  recambered  design  were 
next  investigated.  These  changes  are  shown  in  Figure  23.  The  results  of  this  evaluation  are 
summarized  in  Table  V,  The  performance  of  Recambering  Design  A  agreed  well  with  th.  t  of 
the  first  recambered  design.  It  had  a  slightly  increased  root  section  loss  coefficient  and  a  decreased 
mean-to-tip  section  value.  The  overall  loss  had  a  slight  increase  compared  to  the  first  recambenng 
and  midspan  losses  were  close  to  the  baseline  airfoil  values.  Recambering  Design  B  showed  a 
peak  loss  almost  identical  to  the  baseline  measurements  at  the  root  even  though  the  root 
exit  angle  was  increased  by  approximately  8.5°.  Integrated  root-to-midspan  loss  was  about  the 
same  as  for  the  baseline  airfoil,  and  the  midspan-to-lip  loss  was  slightly  lower  than  the  baseline, 
even  though  the  tip  exit  angle  was  increased  by  10°.  Recambering  Design  C  had  the  root  exit 
angle  increased  by  1 3.5°  and  the  tip  by  15°.  The  losses  at  the  root  for  this  desicn  were  the 
largest  for  all  the  recambered  designs  and  this  is  also  true  for  the  overall  losses.  All  measured 
angles  agreed  well  with  the  design,  with  some  lunleriurning  indicated  at  the  tip  for  recambering 
Design  A.  as  was  the  case  for  the  baseline  desie;i.  Ilus  was  not  observed  tor  Recambenng 
Design  B  and  C.  In  general,  the  exit  fiow  angles  behaved  in  a  predu  ic  manner,  indicatinv 
that  such  local  uncambering  can  be  a  potentially  useful  technique  lor  improving  the  entente 
flow  conditions  in  the  following  row.  In  most  cases  the  midspan  losses  increased  w  ith  increas¬ 
ing  amount  of  midspan  overcambering  applied  to  the  cascades  to  maintain  const  t  overall 
work  for  each  design. 
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Figure  23  Second-Stage  Vane  Recambering  Design  Comparison 


NO.  1 9 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  V 

COMPARISON  OF  LOSS  COEFFICIENTS  FOR  SECOND  VANE 
RECAMBERING  CORRECTED  TO  DESIGN  POINT 
Mach  Number  =  0.869,  Zero  Incidence 

Measured  Loss  Coefficient.  I  -02 


Airfoil 

Midspan-to-Root 

Midspan-to-Tip 

Overall 

Baseline 

0.035 

0.035 

0.035 

First  Rccambering 

0.029 

0.038 

0.033 

Recumbering  Design  A 

0.036 

0.035 

0.036 

Recumbering  Design  B 

0.031 

0.033 

0.032 

Recambering  Design  C 

0.044  BEHffHHHii  0  U34 

0.038 

( U  t  Off-design  performance  of  the  baseline  and  three  of  the  four  recambered  designs  was 
also  evaluated  in  the  annular  segment  cascade.  The  initial  goal  was  to  test  at  ±10°  of  incidence 
but,  due  to  the  pioblcms  with  the  inlet  design,  only  6°  could  be  attained  in  the  negative  direction. 
Results  of  these  tests  are  shown  in  Table  VI.  The  first  recambering  >le  gn  had  an  increase  in 
loss  at  the  root  for  the  +  10°  incidence,  and  about  the  same  level  for  -<>  incidence.  Little 
change  was  noted  in  the  tip  section  lor  this  design.  The  overall  loss  was  larger  for  the  +10“ 
incidence,  and  slightly  larger  for  the  -6°  incidence. 

TABLE  VI 

SECOND  VANE  RECAMBERING  LOSS  COEFFICIENTS 
CORRECTED  TO  DESIGN  POINT  MACH  NO.  =  0.869 

Midspan-to-Root 

Midspan-to-Tip 

Over-II 

Incidence. 

Degrees  +10  0 

-6 

+  10  0 

-6  +10 

0 

-6 

Baseline  0.039  0.035 

0.029 

0.035  0.035 

0.029  0.038 

0.035 

0.029 

First  Re- 

cambering  0.047  0.029 

0.031 

0.040  0.038 

0.042  0.043 

0.033 

0.036 

Recamberine 

Design  A  0.043  0.036 

0.034 

0.051  0.035 

0.031  0.048 

0.036 

0.033 

Recambering 

Design  B  -  0.03 1 

0.033 

—  - 

0.032 

- 

Recambering 

Design  C  0.038  0.044 

HHB 

D 

0.038 

0.042  C.034 

0.035  0.040 

0.038 

0.036 
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(U)  Reca  inhering  Design  A  had  a  large  loss  in  (he  root  section  a!  >10°  incidence  and  no  dif- 
feience  at  -<>°  incidence  when  compared  to  baseline  values  For  +10°  of  incidence,  the  loss 
was  much  larger  in  the  tip  region  than  baseline,  and  only  slightly  larger  at  the  -<>0  level.  The 
overall  loss  was  greater  at  +.10°  incidence  and  less  than  baseline  at  -<1°  incidence. 

(U)  The  losses  with  rccumbenng  Design  C  were  slightly  lowci  at  +10“  and  -6°  incidence  at 
the  root,  greater  at  +1  i‘  incidence  level  and  the  same  at  •("  incidence  at  the  tip  section. 
Overall,  the  positive  incidence  loss  was  slightly  higher  and  the  negative  incidence  lower  than 
the  baseline  values. 

(ID  Angle  measurements  were  in  close  agreement  with  predicted  values.  No  separation  on 
the  an  toils  was  indicated  by  llow  visualization  In  general,  the  rem  its  of  the  Phase  III  o*r 
design  evaluation  indicated  an  increase  in  toss  coefficient  with  positive  incidence  and  a  de¬ 
crease  in  loss  coefficient  with  negative  incidence  foi  the  tested  airfoils.  None  of  the  airfoils 
were  sensitive  to  angle  of  attack,  and  the  flow  patterns  did  not  change  significantly  with  in¬ 
cidence.  These  results,  therefore,  verified  that  the  design  procedure  used  was  sound. 

(Ut  Tlic  next  Phase  of  the  program  was  to  design  the  two-stage  demonstrator  turbine. 

This  Phase  IV  effort  will  he  described  in  Sections  III  and  IV  of  Hus  report. 


(The  reverse  of  this  page  is  blank) 
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SECTION  III 

TURBINE  RIG  DESIGN  AND  TURBINE  RIG  FABRICATION  (TASKS  IVa  AND  b> 


I  RFP  OBJECTIVE 

(U)  Using  the  design  procedures  established  in  Phase  III,  design  and  fabricate  a  two-stage 
turbine  that  met  the  RFP  performance  objectives. 

2.  TASK  OBJECTIVE 

(U)  The  available  turbine  design  system,  as  modif  ied  by  the  experimental  results  of  Phase  II 
and  Phase  III  were  used  to  design  a  turbine  having  the  characteristics  summarized  in  Table 
I.  The  turbine  flowpath  was  defined  by  calculating  inlet  and  exit  How  areas  and  selecting 
reasonable  inner-  and  outer-wall  divergence  angles  based  on  experience.  Using  the  results  of 
previous  Phases  of  this  program,  the  reaction  levels  and  spanwise  work  distributions  were 
selected.  Velocity  diagrams  were  generated  for  each  vane  and  blade  by  the  Streamline  Ana¬ 
lysis  Deck.  Airfoil  contours  were  defined  for  at  least  live  radial  stations  making  use  of  the 
Pressure  Distribution  Boundary  Layer  Program,  and  Airfoil  Design  Program.  The  airfoil  sec¬ 
tions  were  used  to  define  airfoil  center  of  gravity,  principal  stresses,  gas  bending  loads,  cen¬ 
trifugal  loads  and  total  stresses.  The  Airfoil  Fairing  Programs  were  applied  to  define  vane 
and  blade  coordinates.  The  final  turbine  layout  and  detailed  drawings  were  then  completed. 
Careful  consideration  was  given  to  such  characteristics  of  the  resulting  turbine  as  strength, 
weight,  life,  maintainability,  cost,  low  cycle  fatigue  and  high  frequency  fatigue. 

(U)  Upon  receiving  approval  of  the  turbine  design  by  the  Air  Force  Contracting  Officer,  the 
turbine  parts  and  necessary  modifications  to  the  turbine  rig  were  fabricated,  inspected  and 
assembled.  Instrumentation  designed  for  the  selected  flowpath  were  fabricated  and  installed. 

3.  INTRODUCTION 

( U )  Upon  completion  of  the  plane  and  annular  cascade  evaluations  of  the  preliminary  (Phase 
I)  airfoils  and  the  design  and  off-design  tests  of  the  various  boundary  layer  control  techniques 
(Phases  il  and  III),  the  two-stage  demonstrator  turbine  was  designed  incorporating  aerody¬ 
namic  features  shown  to  be  beneficial  from  cascade  testing.  This  section  includes  a  descrip¬ 
tion  of  the  design  and  fabrication  of  the  demonstrator  turbine. 

4.  DESIGN 

(U)  The  basic  turbine  design  followed  the  preliminary  design  described  in  Reference  1 .  The 
final  flowpath  was  modified  slightly  from  the  Phase  I  version  in  order  to  increase  the  inlet 
Mach  number  to  0.35  from  0.29.  The  higher  inlet  Mach  number  is  more  consistent  with  high 
pressure  turbine  exit  conditions  and  thus  represents  a  more  realistic  engine  design.  The  tur¬ 
bine  stage  i  it  Mach  number  remains  relatively  unchanged  at  0.457.  Again,  this  level  is  con¬ 
sistent  writh  engine  design  procedures  where  the  turbine  discharge  Mach  number  is  set  at  a 
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low  enough  level  to  allow  a  margin  lor  rematching  of  the  engine  for  development  purposes 
by  modifying  the  jet  nozzle  area.  A  moderate  Mach  number  level  is  also  beneficial  for  an 
afterburning  engine  since  a  low  Mach  number  is  required  for  burning  and  a  moderate  turbine 
discharge  Mach  number  enables  the  use  of  a  short  and  light-weight  diffuser  between  the  tur¬ 
bine  and  afterburner.  Figure  24  illustrates  the  turbine  elevation  that  was  used  in  the  aero¬ 
dynamic  design.  Figure  25  shows  the  turbine  tlowpath,  depicting  the  structural  components 

of  the  test  rig. 
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Figure  24  Turbine  Elevation  Final  Flowpath 


Figure  25  Cross-Section  of  Test  Rig 
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<U)  Analysis  of  the  results  of  the  cascade  testing  performed  in  Phases  II  and  III  indicated 
that  reducing  the  work  at  the  endwalls  by  uncambering  the  airfoils  can  increase  turbine  ef¬ 
ficiency.  This  increase  in  efficiency  results  from  lower  secondary  flow  fosses  created  by  un¬ 
cambering  the  airtoil  endwall  regions.  The  final  turbine  design  had  the  airfoil  endwali  angles 
opened  by  approximately  4°,  which  appeared  to  be  close  to  optimum  in  the  cascade  testing. 

(U)  An  equal  stage-work  split  was  chosen  in  order  that  relatively  uniform  vane  and  blade 
Mach  numbers  and  stage  pressure  ratios  could  be  achieved.  This  work  split  also  provides 
greater  work  potential  than  a  turbine  with  the  last  stage  more  highly  ,.»aded.  An  additional 
benefit  ol  an  equal  stage-work  distribution,  as  opposed  to  say  45  percent  in  the  first-stage 
and  55  percent  in  the  second-stage,  is  tne  reduced  level  ol  gas  turning  required  by  the  exit 
guide  vane.  Blade  mean  static  pressure  reaction  levels  of  40  percent  were  selected  for  both 
stages,  based  on  the  Phase  I  design  study. 

(Ul  The  turbine  velocity  triangles  were  defined  using  the  three  design  parameters,  namely 
radial  work  profile,  stage-work  split  and  reaction  level,  along  with  a  radial  loss  profile  which 
was  incorporated  in  the  Turbine  Streamline  Computer  Program.  The  final  first-  and  second- 
stage  radial  work  distribution  is  shown  in  Figure  2f>.  The  reaction  levels  are  shown  for  each 
sta$:  in  Figures  27  and  28.  The  radial  loss  profile  was  determined  by  summing  the  airfoil 
penalties  lor  the  profile  losses,  trailing  edge  losses  and  the  endwall  losses  for  each  airfoil. 

The  profile  and  endloss  distributions  for  each  airfoil  are  shown  in  Figure  2*>  where  the  inte¬ 
grated  loss  values  are  also  tabulated.  The  resulting  velocity  diagrams  for  this  turbine  tTable 
VII)  are  listed  in  Table  VIII. 
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Figure  26  Stage  Work  Versus  Percent  Span.  First-  and  Second-Stage  Blade 
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Figure  27  First -Stage  Made  Reaction  Versus  Pet  cent  Span 


Figure  28  Second-Stage  Blade  Reaction  Versus  Percent  Span 
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Figure  29  Profile  and  End  Wall  Losses  From  the  Streamline  Calculation  of  The  Final 
Turbine  Design. 


TABLE  VII 

TURBINE  AERODYNAMIC  DESIGN  PARAMETERS 


Number  of  Stages 
Average  Load  Coefficient.  C'L 
First  Blade  Tip  Wheel  Speed 
First  Blade  Inlet  Hub-Tip  Ratio 
Exit  Swirl  Angle  At  Exit  Guide  Vane 
Turbine  Inlet  Temperature 
Airflow 
Turbine  Work 

Average  Stage  Work  Parameter.  Ah/T 
Mean  Velocity  Ratio 
Rim  Velocity  Ratio 
Turbine  Pressure  Ratio 
Average  Stage  Pressure  Ratio 
Inlet  Flow  Parameter 
Inlet  Axial  Mach  Number 
Exit  Axial  Mach  Number 
Rotor  Speed 

Exit  Swirl  From  Last  Blade 


2.2 

1000  fps 
0.75 
0° 

I450°F 
67  7  lbs/ sec 
134.5  Btu/lb 
0.0352 
0.478 
0.389 
3.723 
1.930 
0.1937 
0.35 
0.457 

1 0.680  rpm 
30.7° 
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TABLE  VII! 

VECTOR  DIAGRAM  SUMMARY 


■inunurTra—i awn 

R0  (Vane  Inlet  I 

7.940 

R,  (Vane  Exit) 

7.900 

R, ,  (Blade  Inlet) 

7815 

ft,  (Blade  Exit) 

7.785 

Uj  Wheel  Speed 

726.0 

Ah 

61  07 

Vel.  Ratio  i 

0415 

oot  Mean  Ti 


7.940  8.936  9  820  7.712  9.383  10.912 

7.900  8.988  10.13  7.625  9.511  11.31 

7815  8.029  10.390  7.575  9  547  11.59 


7.785  9.279  10.629  7.520  9.693  11.815 

726.0  865.0  991.0  701.0  903.0  1 101.0 

6107  69.45  62  34  57.54  69  72  66.73 

0415  0  464  0  561  0413  0.484  0.602 

66  ;  62  'I  81.24  48  68  46.68  61.42 
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i  35  *0 

25  63 
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107.69 

<2  n< 

45  94 

M>  15 

53  25 

47  01 

31  AN 
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> 

42  13 

30  09 

Itm  in 

90  NN 

j  84.62 

102.9 

OL 

» 

|  <4|  *4" 

•; 

*: 

1 

59.37 

Reaction 

i 

oat': 

1)  3*0 

O  *■) 

0  530 

0  460 

0.382/ 

0  3 1 1 

0.479' 

0.401 

IP-ZP^I 

1.503 

1  -39 

1  350 

1  597 

1.490 

|P^/FS  > 

*  3  B 

1  463 

1  426 

1.4-5 

1.343 

1.460 

<CL>V 

0.959 

0850 

0.757 

0.948 

0.854 

<CL>» 

o.835 

0.894 

1.010 

0.839 

0.925 

’a inlet 

0.549 

0.453 

0  317 

0.732 

0.486 

EXIT 

0.903 

0.866 

0.806 

0.960 

0.910 

INLET 

0.395 

0.358 

0.371 

0.591 

0.458 

<Ma>vexit 

0.857 

0.831 

0.737 

1.011 

0.910 

Cx,/ 

863.0/ 

910.0 

638.0/ 

717.0 

520.0/ 

743.0 

1064.0/ 

1136.0 

647.0/ 

797.0 
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(U)  Cascade  testing  indicated  that  the  normal  solidity  airfoils  performed  more  efficiently 
than  those  of  the  medium  solidity  design.  Based  on  the  loss  data  and  on  the  exit  gas  angle 
distributions  reported  previously  (Kef.  5).  it  can  be  concluded  .  normal  solidity  designs 

arc  sufficiently  superior  to  the  medium  solidity  designs,  when  com^ted  under  annular  seg¬ 
ment  cascade  conditions,  to  justify  their  choice  in  the  final  turbine  design.  Furthermore,  a 
deviation  criterion  which  has  been  successfully  used  on  other  turbine  designs  was  used  to 
assure  that  a  correct  (low  parameter  and  reaction  level  was  attained.  I  hree  degrees  ol  negative 
incidence  was  designed  into  the  airfoils  with  the  exception  of  the  endwail  region,  since  cas¬ 
cade  testing  indicated  that  overturning  may  occur.  Figures  30.  31  and  32  show  the  design 
gas  and  metal  inlet  angles,  and  the  gas  angles  which  would  result  from  using  measured  cascade 
losses  tor  the  first  blade,  second  vane  and  second  blade.  The  outside  diameter  endwail  metal 
angles  of  the  first  blade,  second  vane  a  !_)d- second  blade  were  designed  with  7°  negative  incid¬ 
ence  (relative  to  the  design  gas  angles)  to  insure  that  someTfegative  incidence  should  still  exist 
if  cascade-type  end  losses  were  achieved.  The  second  blade  root  was  designed  with  3°  of  positive 
incidence  so  that  channel  convergence  could  be  increased  f  rom  0.5  to  5.0  percent.  This  results 
in  an  airfoil  with  a  better  pressure  distribution  and  with  improved  separation  resistance.  The 
final  airfoil  geometry  is  tabulated  in  Tables  IX  and  X.  The  details  of  the  final  airfoil  designs, 
including  the  profiles  and  their  pertinent  parameters,  the  airfoil  pressure  distributions  conver¬ 
gence  ratios,  diffusion  factors  and  stress  values  are  presented  in  Appendices  1  through  IV. 


Figure  30  First-Stage  Blade  Inlet  Angle  Versus  Radius 
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TABLE  IX 

STAGE  ONE  AIRFOIL  GEOMETRY 


Radial  Station 

Root 

Mean 

Tip 

Vane  Defining  Radius 

7.90 

9.015 

10.13 

No.  of  Vanes 

66 

Axial  Chord 

0.918 

1.005 

1.092 

Taper  Ratio  (bR/bT ) 

0.840 

Aspect  Ratio  ( L/br ) 

2.04 

Foil  Weight 

0.0889 

Gap  Chord 

0.819 

0.854 

0.883 

(Hub/Tip  Ratio)  Average 

0.794 

Average  Length  ( L ) 

2.055 

“o* 

64.9 

i 

60.5 

90.0 

or,  (Gaging  Angle )/<*,  * 

35.08/35.7 

26.98/26.93 

26.7/26.05 

0  -  Camber  ( 1 80  -  ag  *  -  <*(  * ) 

79.4 

92.57 

63.95 

Gas  Bending  Stress 

0 

3900 

15.000 

Material 

Material  Density  lb/inJ 

0.297 

Uncooled  Metal  Temperature  °F 

y  j-a  xi'if 't  r  1 
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TABLE  IX  (Cont’d) 

STAGE  ONE  AIRFOIL  GEOMETRY 


Radial  Station 

Root 

Mean 

Tip 

Blade  Defining  Radius 

7,78 

4.1475 

10.615 

No.  of  Blades 

106. 

Axial  Chord 

0.7176 

0.6816 

0.6456 

Taper  Ratio  ( b(  /bR  ) 

0.400 

Aspect  Ratio  (L/bR  ) 

3.450 

Foil  and  Shroud  -  Weight 

0.0633 

Gap  Chord 

0.643 

0.800 

0.475 

(Hub/Tip  Ratio)  Average 

0.742 

Average  Length  (L) 

2.702 

V 

50.1 

42.6 

60.5 

(Gaging  Angle)/#,  * 

32.47/31.47 

26.3.  25.45 

27.65/28.88 

*•  Camber  ( 180 -#,*-#,  *> 

47.43 

1 1 1.45 

40.62 

P/A  Stress 

1 2.800 

7600 

2400 

Gas  Bending  ( Until icd) 

24.200 

6500 

0 

Shroud  Misalign  Stress 

1500 

1700 

3700 

Material 

Material  Density  Ib/in J 

0.286 

1 

Uncooled  Metal  Temperature  F 

I 

mu 
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TABLE  X 

STAGE  TWO  AIRFOIL  GEOMETRY 


Radial  Station 

Root 

Mean 

Tip 

Vane  Defining  Radius 

7.63 

9.465 

11.3 

No.  of  Vanes 

72 

Axial  Chord 

0.998 

1.057 

1.116 

Taper  Ratio  (bR  /bT ) 

0.895 

Aspect  Ratio  (L/bT  ) 

3.29 

Foil  Weight 

0.1481 

Gap  Chord 

0.667 

0.781 

0.884 

(Hub/Tip  Ratio)  Average 

0.690 

Average  Length  (L) 

3.442 

V 

46.0 

44.2 

60.75 

or,  (Gaging  Angle  )/a,  • 

36.03/35.49 

25.95/25.49 

26.85/26.85 

0*Camber(18O-ao*  -  a,  *) 

97.61 

110.31 

92.4 

Gas  Bending  Stress 

0 

5,500 

24.400 

Material 

Material  Density  lb/in3 

0.297 

Uncooled  Metal  Temperature  °F 

L - II 
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TABLE  X  (Cont’d) 

STAGE  TWO  AIRH  HI.  GEOMETRY 


Radial  Station 

Root 

Mean 

Tip 

Blade  Defining  Radius 

7.515 

9.655 

11.795 

No.  of  Blades 

118 

Axial  Chord 

0.788 

0.694 

0.600 

Taper  Ratio  (bT/bR ) 

0.762 

Aspect  Ratio  (L/bR) 

5.43 

Foil  and  Shroud  Weight 

0.0727 

Gap  Chord 

0.508 

0.741 

1.047 

(Hub/Tip  Ratio)  Average 

0.643 

Average  Length  (L) 

4.161 

58.3 

44.0 

71.6 

(Gaging  Angle  )/02  * 

43.6/42.08 

30.31/30.22 

26.72/26.72 

0  -  Camber  (180- (3,  •) 

79.62 

105.78 

81.68 

P/A  Stress 

17.000 

11.100 

3100 

Gas  Bending  (Untilted) 

52.800 

13.100 

0 

Shroud  Misalign  Stress 

2000 

2300 

5100 

Material 

Material  Density  lb/in3 

0.286 

Uncooled  Metal  Temperature  eF 

L _ 1 
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5.  PREDICTION  OF  THE  OVERALL  TURBINE  EFFICIENCY 

(U)  The  prediction  process  by  which  the  overall  efficiency  was  obtained  consisted  of  three 
major  steps:  a  Meanline  Deck  Calculation,  a  Streamline  Deck  Calculation  and  an  Exit  Guide 
Vane  Loss  Calculation.  Each  of  these  procedures  will  be  described  below. 

Meanline  Deck  Calculation 

(U)  Initial  calculations  were  made  using  the  Turbine  Off-Design  Meanline  Computer  Program 
which  provided  the  necessary  input  information  to  insure  that  the  best  possible  estimate  of 
turbine  efficiency  was  obtained  from  the  Turbine  Streamline  Analysis  Computer  Program. 

(U)  The  Turbine  Off*Design  Deck  is  such  that  the  spanwise  integrated  value  of  profile  loss 
could  be  specified  for  each  row.  The  local  profile  losses,  from  which  these  integrated  values 
were  calculated  were  determined  at  five  radial  locations  from  considerations  of  pressure  dis¬ 
tribution,  boundary  layer  friction  (fully  turbulent),  form  drag  and  wake  mixing.  This  method 
of  calculation  takes  all  cascade  geometric  properties  (e.g.  solidity  and  trailing-edge  thickness) 
and  flow  properties  (e.g.  Mach  number,  Reynolds  number  and  flow  angle)  into  proper  account. 
The  integrated  end-lots  for  each  airfoil  row  was  iteratively  calculated  using  an  empirical  end- 
loss  correlation.  This  correlation,  which  is  based  on  engine  data,  predicts  the  combined  ef¬ 
fects  of  channel  cross-flow,  cavity  recirculation  and  some  leakage  airflows.  Leakage  flow 
around  the  rotor  tip  shroud  was  calculated  using  an  updated  Egli  calculation.  This  method 
was  modified  based  on  the  results  of  labyrinth  seal  tests  conducted  by  the  Contractor. 

Streamline  Analysis 

(U)  The  spanwise  distribution  of  profile  loss  coefficient  was  determined  as  in  the  meanline 
calculations.  The  integrated  end-loss  coefficients  and  rotor  tip  shroud  leakage  efficiencies 
were  taken  directly  from  the  meanline  calculation  results.  The  end-losses  were  distributed  in 
the  spanwise  direction  using  empirical  correlations. 

(U)  The  output  of  this  analysis  was  a  total-to-total  efficiency  based  on  mass-averaged  total 
pressures  and  temperatures.  The  inlet  station  for  this  efficiency  was  between  the  inlet  guide 
vane  and  first-stage  vane  and  the  exit  station  was  between  the  second-stage  rotor  and  the 
exit  guide  vane.  This  efficiency  corresponds  to  what  will  be  measured  in  the  rig  and  must  be 
decreased  by  the  inclusion  of  a  theoretical  exit  guide  vane  penalty.  The  method  of  comput¬ 
ing  the  exit  guide  vane  loss  will  be  discussed  in  the  following  paragraph. 

Exit  Guide  Vane  (EGV)  Selection 

A.  Geometry 

(U)  An  analytical  model  of  an  EGV  was  established  which  is  theoretically  capable  of  remov¬ 
ing  the  swirl  distribution  present  in  the  turbine  rig  exit  measuring  plane  (designated  EGV  inlet 
plane).  Since  this  EGV  must  be  able  to  accept  any  distribution  of  inlet  Mach  number  and 
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inlet  swirl  angle,  it  was  impractical  to  do  a  detailed  analysis  of  each  combination.  For  this 
reason,  the  EGV  was  examined  for  feasibility  under  its  nominal  operating  conditions,  which 
are  listed  below: 


A 

Root 

28° 

0.70 

Mean 

33° 

0.49 

Tip 

24° 

0.43 

(U)  Based  on  existing  EGV  designs,  a  maximum  thickness  of  0.70  inch  was  selected  as  being 
sufficient  to  allow  oil  lines  to  be  passed  radially  through  the  airfoil,  in  order  to  keep  the 
maximum  thickness  to  actual  chord  ratio  less  than  I S  percent,  an  axial  chord  of  4.6  inches 
was  chosen.  For  simplicity,  this  axial  chord  was  kept  at  a  constant  spanwise  value.  The  pitch 
was  varied,  by  varying  the  number  of  vanes,  until  a  reasonable  spanwise  loss  level  distribution 
was  obtained,  but  not  without  due  regard- being  given  to  choking  margin.  With  these  con* 
strain ts  imposed,  the  number  of  airfoils  turned  out  to  be  sixteen.  Figure  33  summarizes  the 
resulting  pertinent  EGV  geometric  parameters. 

(U)  An  examination  of  this  EGV,  under  nominal  operating  conditions,  reveals  that: 

1 .  The  airfoils  are  thin  «  1 5  percent  thick). 

2.  The  approach  Mach  numbers  are  subcritical,  thus  avoiding  the  possibility  of  transonic 
drag  rise. 

3.  The  Reynolds  number  is  greater  than  critical  (>  2.S  x  10^)  and  because  of  the  turbine 
upstream  the  free  stream  will  be  very  turbulent  (~  4  percent).  These  two  factors  com¬ 
bine  to  all  but  completely  exclude  the  possibility  of  any  laminar  separation. 

Items  one,  two  and  three  allow  the  analysis  of  Reference  (6)  to  be  used. 

4.  The  airfoils  are  thick  enough  to  accommodate  oil  lines. 

5.  The  airfoils  have  sufficient  overall  choking  margin,  as  is  shown  in  Figure  34.  Even  though 
the  EGV  has  local  root  choking,  the  major  portion  of  the  span  has  a  large  choking  margin. 
Therefore,  were  the  EGV  actually  placed  in  this  nominal  flow  field,  the  fluid  would 
undergo  a  readjustment  which  would  alleviate  this  situation.  The  choking  margin  study 
was  done  using  a  Pratt  &  Whitney  Compressor  Cascade  Deck  which,  incidentally,  agrees 
well  in  loss  level  with  the  NASA  method  at  low  values  of  diffusion  factor,  but  predicts 

a  much  slower  increase  of  loss  with  diffusion  factor. 

This  information,  which  defines  the  EGV  in  a  global  sense,  shows  that  the  nominal  EGV 
could  be  made  into  a  functional  piece  of  hardware. 
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AXIAL  DISTANCE 
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Pertinent  Exit  Guide  Vane  Geometry 


Figure  34  Exit  Guide  Vane  Choking  Margin 
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B.  Interpretation  and  Extension  of  the  NASA  Compressor  Cascade  Loss  System 

(U)  This  section  of  the  report  is  only  meant  to  serve  as  an  outline  of  the  development  of  the 
pertinent  equations.  For  the  sake  of  completeness,  detailed  discussions  of  the  derivations  of 
many  of  the  following  equations  are  included  in  the  appendix  at  the  end  of  this  report. 

(U)  Using  the  geometry  shown  in  Figure  33,  and  by  following  the  method  of  calculation 
given  in  Reference  (6),  with  some  minor  modifications,  the  loss  associated  with  the  EGV  and 
its  effect  on  turbine  efficiency  will  be  determined. 

The  compressible  diffusion  factor,  Df,  is  defined  as 


/  V  \  A  V 

D,  =  h  — -)+  — a- 
f  V  V,/  2  oV. 


on  page  203  of  Reference  (6).  This  is  the  parameter  that  NASA  chose  to  correlate  their  data. 
Using  the  equation  developed  in  Appendix  V(a).  and  therefore  V(  /V(  may  be  determined 


■"*»"  s  f  I  -J-l*  ■  '  ■—■■■■ 

v  + 

for  an  adiabatic  cascade.  Furthermore,  using  the  information  given  in  Appendix  V(h)  and 
Figure  33,  the  solidity  ratio  (o)  can  be  determined.  Finally,  because  Ve9  =  0, 

AV«  V<n  •  „ 

,  sin  0,  . 

t  vi 

With  this  information,  the  diffusion  factor  defined  by  Equation  <  I )  can  be  evaluated. 

(U)  The  next  task  is  to  determine  the  profile-loss  coefficient 

Z  =  function  (D,).  (; 

The  method  by  which  this  is  accomplished  is  explained  in  Appendix  V(c). 

Having  Zp,  it  is  desirable  to  change  this  to  a  stagnation  pressure-loss  coefficient  (Apt>/po) 


(?) 


-  2Zp  o  cos*  (3 1 


M  +Jl!  m.2)  k-'  -1 


('•T'f 
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The  above  expression  is  derived  in  detail  in  Appendix  V(d). 

(U)  The  stagnation  pressure  loss  given  by  Equation  (3)  only  accounts  for  the  profile  loss.  In 
Appendix  V(e)  a  method  for  accounting  for  the  end-wail  loss  is  derived  and  the  result  is  that 

?■£).  (-™> 

or,  by  substituting  the  expression  for  (Ap(>/po)p  given  by  Equation  (3)  we  further  find  that 


(U)  Finally,  the  measured  turbine  efficiency  must  be  debited  by  this  stagnation  pressure  loss. 
To  this  end.  Appendix  V(f)  contains  the  derivation  of  the  following  equation 


k-l 


where— &  is  given  by  Equation  (4).  This  is  the  final  working  form  of  the  equation  whose 
use  will  be  described  in  the  following  section. 


C.  Application  of  the  Modified  NASA  Loss  System  to  the  Contract  EGV 


(U)  Figure  35  shows  the  results  of  calculating  °  ,  for  the  root,  mean,  and  tip  section. 

Po 

using  Equation  (4)  which  was  developed  in  the  previous  section.  This  figure  shows  that  the 
root  and  tip  sections  are  relatively  insensitive  to  0,  and  M,  variations.  The  mean  section,  al¬ 
though  insensitive  to  M,  changes,  is  very  sensitive  to  0,  variations  and  is  therefore,  the  section 
that  is  most  likely  to  fail. 


A  mass-averaged  total  pressure  loss, 


Pol  *V* 


.  may  be  defined  by 


(P)  ;• 

'  Pq  ’  avg  rt 


rt  Ap 

2 xp  Vrdr  *  /  — -  2irpVrdr 


Po 
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(U)  Assuming  that  the  How  is  uniform  (i.e.  pV  is  not  a  function  of  radius)  leaving  the  exit 
guide  vane,  Equation  (6)  reduces  to 


Introducing  a  dummy  variable 


r-r. 


v<o  _ 


which  has  the  proper 'ies 

dr 


*(rf)  =  0  • 
*<r,>  =  1  * 


Using  i />,  Equation  (7)  may  be  rewritten  as 


'  APo 

•  Po 


(U)  A  plot  of 


versus  $  is  shown  in  Figure  35.  A  comparison  of  the  midspan 


value  (0.0076)  with  the  value  obtained  from  a  trapezoidal  rule  integration  (0.0080)  shows 
that  the  mean  section  gives  an  accurate  estimate  of  the  mass-averaged  total  pressure  loss.  Be¬ 
cause  of  this,  and  since  the  mean  section  is  the  only  one  at  all  sensitive  to  changing  flow  con¬ 
ditions,  it  is  recommended  that  the  loss  calculation  only  be  done  at  the  midspan  section. 
Furthermore,  Figure  36,  which  is  a  plot  of  the  results  derived  from  applying  Equation  (5)  to 
the  mean  EGV  section,  shows  that  relatively  large  changes  in  EGV  inlet  conditions  will  have 
a  small  effect  on  efficiency,  so  that  their  accurate  knowledge  is  not  imperative. 
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(U)  Figure  36  is  used  by  knowing  the  EGV  midspan  M.  and  0.  to  obtain  the  ratio  of  the  ad¬ 
justed  demonstrated  overall  total-to-total  turbine  etiiciency  to  the  demonstrated  overall  total 
to-total  turbine  efficiency.  measured  •  For  example,  based  on  the  conditions  shown  be¬ 
fore  for  the  mean  section  (0t  3T,  M,  =  0  49),  tj/t?  MEASURED  would  equal  about  0.995,  hence 
the  measured  efficiency  would  be  red  I  by  about  one-half  of  one  point. 


Figure  36  I  t  V  Stagnation  Efficiency  Penalty,  Based  on  a  Mean-P  ’his  Calculation 
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EGV  Conclusions 

•  (U)  The  loss  calculation  presented  herein  should  be  used  to  determine  the  exit  guide 
vane  losses. 

•  (U)  The  F.GV,  although  never  designed  in  detail,  was  shown  to  be  realistic  and  practical. 
Furthermore,  the  method  of  loss  evaluation  presented  in  Reference  (6)  is  shown  to  be ' 
applicable  to  the  EGV  in  its  predicted  environment. 

•  (U '  The  loss  calculation  should  be  done  at  the  mean  radius,  only,  as  the  mean  section 
yields  an  answer  that  is  an  accurate  representation  of  the  integrated  spanwise  average 
loss  (See  Figure  35). 

•  (U)  The  graphical  results  obtained  from  doing  the  mean  radius  calculation  are  shown  in 

Figure  36.  As  shown  in  this  figure,  the  ratio  of  the  adjusted  demonstrated  overall  total* 
to-total  efficiency  to  the  demonstrated  overall  total-to-total  efficiency  is  shown  versus 
the  mean  radius  EGV  approach  Mach  number  for  a  variety  of  mean  radius  approach  swirl 
angles,  ] 

Prediction 


(C)  The  result  of  the  calculation  described  in  this  section  was  a  predicted  turbine  efficiency 
of  90.7  percent  and  an  exit  guide  vane  penalty  of  0.5  percent  based  on  the  calculated  second 
blade  mean  exit  absolute  Mach  number  and  exit  swirl  angle  of  0.5 1  and  34.5  degrees,  respectively. 
These  calculations  were  made  at  the  design  pressure  ratio  and  velocity  ratio  which  will  be  set 
when  operating  in  the  cold  flow  test  rig.  Since  the  end-loss  correlation  was  believed  to  be 
conservative,  based  on  the  results  of  applying  this  correlation  to  other  turbine  designs,  there 
is  confidence  that  this  turbine  will  meet  the  efficiency  goal  (91  percent  ;  of  the  Contract. 


6.  FABRICATION  | 

(U)  A  two-stage  turbine  was  designed  to  demonstrate  performance  improvements  that  can 
be  realized  from  the  application  of  boundary  layer  control  techniques  investigated  during  I 
Phases  II  and  III  of  the  Contract.  This  turbine  was  fabricated  and  a  schematic  drawing  of  the 
initial  build  was  shown  in  Figure  25.  The  turbine  was  of  rig-type  mechanical  construction. 1 
designed  to  accurately  measure  low  pressure  turbine  efficiency.  It  used  rig-type  inlet  turbine 
and  exhaust  cases,  rotor  shafting  and  instrumentation. 

(U)  There  were  a  total  of  four  builds  during  the  course  of  the  Contract,  including  the  Add¬ 
on.  These  test  configurations  are  shown  in  Figures  37,  38  and  39.  Build  I  was  the  basic  con¬ 
figuration.  Build  II  had  the  root  cavity  volumes  decreased  by  filler  rings.  The  platforms  re¬ 
mained  the  same  as  for  Build  I.  Builds  III  and  IV  were  a  repeat  of  Builds  11  and  I,  respectively, 
with  the  platforms  cut  off  to  the  airfoil  fillets.  ] 
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Figure  39  Test  Configuration  Build  IV  —  Platforms  Removed  and  No  Filler 

(U)  The  details  of  the  Build  I  hardware  are  presented  in  the  following  photographs.  Airfoils 
were  machined  from  stainless  steel  and  are  shown  in  Figures  40  and  41 .  The  inlet  guide  vane 
was  designed  to  simulate  exit  conditions  from  a  high  pressure  turbine.  Assembly  of  the  inlet 
guide  vane  case  is  shown  in  Figures  42  and  43.  The  first  vane  assembly  is  shown  in  Figures 
44  and  45.  The  first  blade  rotor  front  view  is  shown  in  Figure  46,  the  rear  view  in  Figure  47 
and  the  installed  rotor  in  Figure  48.  The  second  vane  assembly  is  presented  in  Figures  49  and 
50.  A  close-up  view  of  the  Kiel  heads  on  the  second  vane  to  show  details  of  the  thermocouples 
and  total  pressure  taps  is  shown  in  Figures  5 1  and  52.  Hie  second  blade  rotor  assembly  is 
presented  in  Figures  53  and  54. 

(U)  The  amount  of  cut-back  on  the  platforms  of  the  airfoils  is  shown  in  the  following  photo¬ 
graphs,  as  tested  in  Builds  III  and  IV.  The  first  vane  is  shown  in  Figures  55  and  56.  The 
leading  edge  view  of  the  vane  shows  the  installation  of  the  trip  wires  wnich  were  necessary  to 
assure  that  engine-type  turbulence  levels  were  attained  during  the  performance  calibration. 
Figures  57  and  58  show  the  amount  of  platform  cut-back  on  the  first  rotor.  Second  vane 
cut-back  and  tripwire  installation  is  shown  in  Figures  59  and  60.  Finally,  similar  photographs 
of  the  second  blade  are  presented  in  Figures  61  and  62. 

(U)  The  inspection  measurements  of  the  various  build  assemblies  are  shown  in  Figures  63 
through  66. 

(U)  The  location  and  amount  of  instrumentation  is  shown  in  Figure  67.  This  instrumenta¬ 
tion  was  common  to  all  builds  of  the  turbine  rig  with  some  modification  of  static  pressure 
taps  around  the  cavity  fillers. 
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Figure  44  Build  I,  Full  Rear  View  of  First  Nozzle  Assembly  (XPN-1 81 26) 


Figure  45  Build  I,  Full  Front  View  of  First  Nozzle  Assembly  (XPN-1 8 127) 
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Figure  46 


Figure  47 


Build  I,  Full  Rear  View  of  First  Rotor  Assembly  (XPN-1 8906) 
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Figure  49  Build  I,  Full  Front  View  of  Second  Assembly  (XPN-l  8 1 29) 


PAM  NO.  49 


UNCLASSIFIED 


UNCLASSIFIED 


Figure  50  Build  I,  Full  Rear  View  of  Second  Nozzle  Assembly  (XPN-181 28) 


Figure  5 1  Build  I,  Close-Up  View  of  Second-Stage  Vane  Leading  Edge  Temperature  Kiel 
Heads  (XPN-1 8911) 
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Figure  52  Build  I,  Close-Up  View  of  Second-Stage  Vane  Leading  Edge  Pressure  Kiel  Heads 
(XPN-18912) 


Figure  53  Build  I,  Full  Front  View  of  Second  Rotor  Assembly  (XPN-1 8907) 
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Figure  54  Build  I,  Full  Rear  View  of  Second  Rotor  Assembly  (XPN-1 8908) 


Figure  57  Build  IV,  First  Rotor,  Leading  Edge  Showing  Cut-Back  Inside  Diameter  Plat¬ 
forms  and  Tripwires  (XPN-234 1 7) 
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Figure  58  Build  IV,  First  Rotor,  Trailing  Edge  Showing  Cut-Back  Inside  Diameter  Platforms 

(XPN-23418) 


Figure  59  Build  IV,  Second  Nozzle  Vanes,  Leading  Edge  Showing  Cut-Back  Inside 
Diameter  Platforms  and  Tripwires  (XPN- 23421 ) 
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Rime  61  Build  IV,  Sccton  Rotor,  Leading  Edge  Showing  Cut-Back  Inside  Diameter  Plat¬ 
forms  and  Tripwires  (XPN-23416) 
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Figure  62  Build  IV,  Second  Rotor,  Trailing  Edge  Showing  Cut-Back  Inside  Diameter  Plat¬ 
forms  (XPN-23415) 
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Figure  63  Build  I  Assembly  Measurements 
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Figure  65  Build  III  Assembly  Measurements 
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Build  IV  Assembly  Measurements 
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Figure  67  Instrumentation 
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SECTION  IV 

DEMONSTRATOR  TURBINE  PERFORMANCE 


1.  RFP  OBJECTIVE 

(U)  Determine  the  performance  of  the  demonstrator  turbine  and  demonstrate  the  turbine 
performance  goals  and  the  accuracy  of  the  design  procedures. 

2.  TASK  OBJECTIVE 

(U)  The  two-stage  demonstrator  turbine  will  be  installed  in  the  test  rig  and  tested  over  a 
range  of  operating  conditions,  including  the  design  point,  in  order  to  establish  a  complete 
performance  map.  Inlet,  inter-stage,  and  exit  data  will  be  obtained  from  fixed  and  traversing 
instrumentation.  The  spanwise  variation  in  efficiency,  blade  exit  angles  and  reaction  will  be 
determined  for  both  stages.  Mass-averaged  values  for  these  parameters  and  the  overall  turbine 
efficiency  will  be  computed  for  each  operating  condition.  Performance  maps  will  be  plotted 
for  each  stage,  and  for  the  complete  turbine.  Test  results  will  be  used  to  verify  the  design 
system  predictions. 

The  rotating  rig  test  results  will  be  used  to  demonstrate  that  this  turbine  has  at  least  50  per¬ 
cent  higher  work  level  than  an  equivalent  free-vortex  machine  which  operates  at  the  same  ef¬ 
ficiency. 

3.  BUILD  1  BASELINE  TESTS  OF  THE  DEMONSTRATOR  TURBINE 
(a)  Design  Point  Operation 

(U)  The  baseline  testing  of  the  initial  build  of  the  two-stage  demonstrator  turbine  was  ac¬ 
complished  in  Build  1 .  During  this  test,  as  well  as  for  the  following  builds,  fixed  rake  and 
traverse  data  were  obtained  at  the  inlet,  inter-stage  and  exit  stations  of  the  turbine  at  design 
and  off-design  operating  conditions.  A  torquemeter  was  also  used  to  measure  the  shaft  work : 
however,  the  measured  differences  between  thermocouple  and  shaft  work  varied  from  build 
to  build  to  such  an  extent  that  the  credibility  of  the  torque-meter  measurements  was  question- 
uble.Therefore,  the  efficiencies  based  on  thermocouple  data  will  be  used  in  this  report.  A 
summary  of  data  for  this  build  is  shown  in  Table  XI. 

(U)  Installation  of  the  turbine  into  the  test  stand  is  shown  in  Figure  68.  The  inspection  mea¬ 
surements  of  this  build  were  reported  in  Section  Hi.  The  tip  clearances  for  the  first  and  second 
stages  were  monitored  using  proximity  pickups  which  indicated  0.021  and  0.017  inch  running 
clearances,  respectively.  The  location  and  type  of  instrumentation  was  presented  in  Section 

III. 
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TABLE  XI 


COMPARISON  OF  DESIGN  AND  BUILD  I  TURBINE  RIG  DATA 


Design 


Rig 


Total  Pressure  Ratio 

3.723 

3.72 

Speed  Parameter 

244. 

245.  ' 

Rim  Velocity  Ratio 

0.389 

0.395 

Turbine  Inlet  Temperature 

1 9 1 0°  R 

~800°R 

Turbine  Inlet  Flow  Parameter 

0.1937 

0.1914 

Overall  Efficiency 

90.65 % 

92.1% 

First-Stage  Efficiency 

b9.52% 

92.2% 

Second-Stage  Efficiency 

90.12  % 

90.0% 

First-Stage  Reaction  (Ps )  ~  Root 

37.0% 

29.0% 

First-Stage  Reaction  (Ps )  ~  Tip 

46.0% 

36.7% 

Second-Stage  Reaction  (Ps )  -  Root 

31.1% 

37.4% 

Second-Stnee  Reaction  (P„ )  ~  Tip  _____ 

_ 50.9% 

44.3% 

B9 

First-Stage  Vane  Effective  Gaging  Area 

54.225  in2 

53.94  in2 

First-Stage  Blade  Effective  Gaging  Area 

71.178  in2 

72.42  in2 

Second-Stage  Vane  Effective  Gaging  Area 

96.178  in2 

96.23  in2 

Second-Stage  Blade  Effective  Gaging  Area 

128.40  in2 

127.01  in: 

Figure  68  High  Work  Low  Pressure  Turbine  Rig  Mounted  in  X-2 1 2  Stand  Collector 

(Rear  View)  X-3646 
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(U)  As  noted  previously,  preswirl  vanes  were  used  for  this  turbine  rig  to  produce  the  design 
inlet  angle  into  the  first  vane.  This  inlet  angle  is  shown  in  Figure  o9  with  a  comparison  to  the 
design  value,  and  indicates  that  the  preswirl  vanes  had  produced  an  excess  in  negative  incidence 
of  approximately  7°.  This  change  in  incidence  is  believed  to  have  a  negligible  effect  on  tur¬ 
bine  etliciency  and  it  did  not  warrant  a  redesign  and  fabrication  of  a  new  inlet  guide  vane. 

(C)  The  overall  thermocouple  efficiency  was  measured  to  be  92.1  percent  with  the  first-  and 
second-stage  etficiencies  being  92.2  and  90.0  percent,  respectively.  The  stage  efficiencies  were 
calculated  using  total  temperature  kielhead  probes  on  the  second  vane  leading  edge,  and  a 
total  pressure  calculated  from  the  measured  blade  static  pressure  and  absolute  exit  angle. 

The  use  of  a  calculated  total  inter-stage  pressure  was  found  necessary  due  to  extensive  data 
scatter  from  the  total  pressure  kielheads.  The  resulting  stage  efficiencies  are  shown  in  their 
respective  spanwise  efficiency  profiles  in  Figures  70  through  72.  From  these  data,  it  is  seen 
that  the  difference  in  stage  efficiency  levels  is  due  to  the  presence  of  endlosses  in  the  second 
stage,  the  midspan  efficiency  for  each  stage  being  approximately  the  same. 

(C)  The  spanwise  stage  exit  angles  are  presented  in  Figures  73  and  74.  The  measured  flow 
capacity  was  low  by  1 .2  percent  relative  to  design  value,  and  was  accompanied  by  first-stage 
root  and  tip  reaction  8  percent  below  design  levels.  Approximately  4  percent  of  the  reaction 
change  is  due  to  the  flow  area  deviations  from  design  nominal,  but  does  not  explain  the  lower 
flow  capacity.  The  remainder  of  the  reaction  change  and  the  low  flow  capacity  seem  to  be 
the  result  of  an  effective  vane  area  reduction  of  1.8  percent.  The  measured  second-stage  re¬ 
actions  indicate  a  flow  shift  toward  the  root  compared  to  the  predicted  design  flow. 


Figure  69  High  Work  Low  Pressure  Turbine  -  Build  I,  Inlet  Angle  Versus  Percent  Span 
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Figure  70  High  Work  Low  Pressure  Turbine  -  Build  I,  Efficiency  Versus  Percent  Span 
@  3.72  Pressure  Ratio,  245  Speed  Parameter 


PERCENT  SPAN 

Figure  7 1  High  Work  Low  Pressure  Turbine  -  Build  I,  First-Stage  Efficiency  Venus 
Percent  Span  @3.72  Pressure  Ratio,  245  Speed  Parameter 
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Figure  72  High  Work  Low  Pressure  Turbine  -  Build  1,  Second-Stage  Efficiency  Versus 
Percent  Span  @  3.72  Pressure  Ratio,  245  Speed  Parameter 


Figure  73  High  Work  Low  Pressure  Turbine  -  Build  I,  First-Stage  Absolute  Exit  Angie 
Versus  Percent  Span 
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PERCENT SPAN 

Figure  74  High  Work  Low  Pressure  Turbine  -  Build  I,  Second-Stage  Absolute  Exit  Angle 
Versus  Percent  Span 


(b)  Off-Design  Operation 

(C)  The  off-design  variation  of  the  Build  1  overall  efficiency  with  total  pressure  ratio  and  speed 
parameter  are  shown  in  Figures  75  and  76.  These  figures  indicate  that  the  turbine  does  not 
respond  significantly  to  increases  in  total  pressure  ratio  above  the  design  pressure  ratio  of  3.72, 
whereas  the  speed  parameter  has  a  fairly  strong  effect  on  efficiency  over  the  entire  test  speed 
range.  From  the  spanwise  efficiency  curves  of  Figures  77  and  78,  it  is  observed  that  the  changes 
in  efficiency  with  total  pressure  ratio  occur  primarily  in  the  root  area,  whereas  the  changes  in 
efficiency  with  speed  parameter  occur  across  the  entire  span.  These  variations  in  overall  ef¬ 
ficiency  are  found  to  originate  in  the  second  stage  by  noting  in  Figures  79  and  80  that  the 
first-stage  efficiency  is  essentially  constant  with  changes  in  pressure  ratio  and  speed  parameter, 
while  the  second-stage  efficiency  reflects  the  same  characteristics  as  the  overall  efficiency  of 
Figure  75.  The  effect  of  total  pressure  ratio  and  speed  parameter  on  the  second-stage  span- 
wise  efficiency  can  be  seen  in  Figures  81  and  82. 

(C)  The  off-design  variation  of  the  turbine  flow  capacity  is  shown  in  Figure  83,  which  indicates 
that  the  turbine  was  essentially  choked  throughout  most  of  the  test  program.  The  stage  re¬ 
actions  are  shown  in  Figures  84  and  85.  By  combining  the  flow  parameter  with  the  speed  para¬ 
meter  and  plotting  against  a  work  parameter  defined  as  the  specific  turbine  work  divided  by 
the  inlet  temperature,  efficiency  islands  can  be  formed  as  shown  in  Figure  86.  This  plot  in¬ 
dicates  that  little  efficiency  gain  could  be  made  above  92.4  percent  with  the  present  turbine 
through  changes  in  total  pressure  ratio  and  speed  parameter  in  excess  of  4.2  and  265,  respec¬ 
tively. 
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Figure  75  High  Work  Low  Pressure  Turbine  -  Build  I,  Overall  Efficiency  Versus  Pressure 
Ratio 
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Figure  76  High  Work  Low  Pressure  Turbine  -  Build  I,  Overall  Efficiency  Versus  Speed 
Parameter 
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Figure  77  High  Work  Low  Pressure  Turbine  -  Build  I,  Efficiency  Versus  Percent  Span 
@  3.72  Pressure  Ratio 


Figure  78  High  Work  Low  Pressure  Turbine  -  Build  I,  Efficiency  Versus  Percent  Span 
@  245  Speed  Parameter 
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Figure  79  High  Work  Low  Pressure  Turbine  -  Build  I,  First-Stage  Efficiency  Versus 
Total  Pressure  Ratio 
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Figure  80  High  Work  Low  Pressure  Turbine  -  Build  I,  Second-Stage  Efficiency  Vets us 
Total  Pressure  Ratio 
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FIRST-STAGE  REACTION 
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Figure  83  High  Work  Low  Pressure  Turbine  -  Build  IV,  Inlet  Flow  Parameter  Versus 
Total  Pressure  Ratio 


Figure  84  High  Work  Low  Pressure  Turbine  -  Build  I,  First-Stage  Reaction  Versus  Total 
Pressure  Ratio 
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figure  85  High  Work  Low  Pressure  Turbine  -  Build  I,  Second-Stage  Reaction  Versus 
Total  Pressure  Ratio 


Figure  86  High  Work  Low  Pressure  Turbine  -  Build  I,  Work  Parameter  Versus  Speed 
Row  Parameter 
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4.  EVALUATION  OF  MODIFICATIONS  TO  THE  BASELINE  DEMONSTRATOR  TURBINE 

(C)  Modifications  were  made  in  the  root  endwall  regions  in  order  to  determine  the  effect  of 
the  local  geometry  on  endwall  losses.  Three  s\  tcinatic  modifications  were  made.  These  are 
referred  to  as  Builds  2.  3  and  4,  which  were  shown  as  sketches  in  Section  III.  In  Build  2, 
solid  rings  of  material  were  added  to  the  hub  diameter  cavities  in  order  to  reduce  the  volume 
of  these  cavities.  Build  3  retained  these  cavity  fillers,  but  the  root  leading  and  trailing  edge 
platforms  were  cut  back  to  the  airfoil  fillet  radius.  In  Build  4,  the  cavity  filler  rings  were  re¬ 
moved  and  the  effect  of  large  cavities  with  cut-back  platforms  was  evaluated.  The  test  re¬ 
sults  of  each  of  these  builds  at  design  point  operation  are  compared  with  Build  1  in  Table  XII. 
The  off-design  overall  and  stage  efficiency  data  for  Builds  2.  3  and  4  are  shown  in  Figures 
87  through  95.  These  results  reflect  the  same  trend  as  for  Build  I.  Composite  plots  of  the 
overall  efficiency  at  design  total  pressure  ratio  and  speed  parameter  are  shown  in  Figures  96 
and  97 ;  composite  plots  of  the  stage  absolute  exit  angles  are  shown  in  Figures  98  and  99. 

(C)  As  indicated  in  Table  XII,  it  is  seen  that  when  the  root  filler  rings  were  installed,  the 
overall  efficiency  decreased  0.4  percent  relative  to  Build  I.  The  stage  efficiencies  show  this 
decrease  to  occur  in  the  second  stage  only.  By  comparing  the  spanwise  efficiency  curves  of 
the  overall  and  stage  efficiencies,  (Figures  100,  101,  and  102),  it  appears  that  the  efficiency 
change  is  due  to  a  complete  spanwise  shift  rather  than  a  local  change  in  efficiency  at  the 
root.  This  can  be  seen  more  clearly  in  Figure  103  which  shows  that  an  adjustment  of  the 
Build  2  second-stage  spanwise  efficiency  to  the  Build  I  efficiency  level  results  in  the  same 
efficiency  profile.  It  is  concluded  that  the  addition  of  the  root  cavity  filler  rings  did  not  affect 
the  performance  of  the  turbine.  The  change  in  efficiency  represents  an  unexplained  baseline 
shift,  possibly  due  to  a  combination  of  some  slight  change  in  the  turbine  rig  when  it  was 
reassembled,  and  experimental  measurement  accuracy.  The  performance  potential  of  root 
cavity  filler  blocks  is  dependent  on  their  effectiveness  in  minimizing  mainstream  flow  injec¬ 
tion  through  a  reduction  in  cavity  volume  without  producing  a  substantial  increase  in  viscous 
drag  on  the  disk.  It  is  evident  from  the  above  performance  results  that  although  the  relume 
was  reduced  to  the  minimum  for  avoiding  mechanical  interference,  this  reduction  was  not 
sufficient  to  measurably  reduce  ingestion.  It  can  therefore  be  concluded  that,  given  the 
restriction  of  minimum  clearance  to  avoid  mechanical  interference,  the  addition  of  root  cavity 
fillers  have  no  significant  effect  on  turbine  performance. 
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TABLE  XII 

PERFORM  ANH  -  ^MPARISON  OF  BUILDS  I,  II,  III  AND  IV 


Configuration 

I.D.  Solid  Rings 
Cutback  Platforms 


P’lild  I 

Build  II 

Build  III 

Build  IV 

no. 

yes. 

yes. 

no. 

no. 

no. 

yes. 

yes. 

» Jov  Torque 


TOTAL  PRESSURE  RATIO 

Figure  87  High  Work  Low  Pressure  Turbine  -  Build  II;  Efficiency  Versus  Total  Pressure 
Ratio 
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Figure  92  High  Work  Low  Pressure  Turbine  -  Build  III.  Secorv  Siage  Efficiency  Versus 
Total  Pressure  Rati<  • 
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Figure  93  High  Work  Low  Pressure  Turbine  -  Build  IV,  Efficiency  Versus  Total  Pressure 
Ratio 
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Figure  94  High  Work  Low  Pressure  Turbine  -  Build  IV,  First-Stage  Efficiency  Versus 
Total  Pressure  Ratio 


Figure  95  High  Work  Low  Pressure  Turbine  -  Build  IV,  Second-Stage  Efficiency  Versus 
Total  Pressure  Ratio 
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Figure  98  High  Work  Low  Pressure  Turbine,  First-Stage  Absolute  Exit  Angle  Vi  \us 
Percent  Span  (“)  3.72  Pressure  Ratio,  24S  Speed  Parameter 


KRCCNTSPAN 


Figure  99  High  Work  Low  Pressure  Turbine,  Absolute  Exit  Angle  Versus  Percent  Span 
@  3.72  Pressure  Ratio,  245  Speed  Parameter 
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Figure  102  High  Work  Low  Pressure  Turbine,  Second-Stage  Efficiency  Versus  Percent 
Span  3.72  Pressure  Ratio,  245  Speed  Parameter 
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Figure  103  High  Work  Low  Pressure  Turbine,  Second-Stage  Efficiency  Versus  Percent 
Span  <®  3.72  Pressure  Ratio,  245  Speed  Parameter 
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(C)  After  the  airfoil  root  platforms  were  cut  off  in  Build  3,  the  overall  turbine  efficiency  was 
found  to  decrease  to  91.0  percent  with  the  first-  and  second-stage  efficiencies  being  91.2  and 
88.9  percent,  respectively.  The  loss  in  overall  and  stage  efficiencies  relative  to  Build  l  can  be 
seen  in  Figures  100,  101  and  102  to  occur  in  the  root  area  of  each  stage.  Build  i  is  being 
used  as  the  baseline  test  for  Build  3  since  the  use  of  Build  2  would  indicate  a  loss  of  only 
0.3  percent  in  the  second-stage  efficiency  when  the  spanwise  efficiency  profiles  indicate  ap¬ 
proximately  a  1  percent  loss.  The  latter  loss  is  in  agreement  with  the  measured  efficiency 
change  of  Build  3  relative  to  Build  1 .  Therefore,  the  absence  of  root  airfoil  platform  exten¬ 
sions  increases  the  circulation  and  exchange  of  air  in  the  root  cavities  with  the  mainstream 
flow  which  results  in  a  0.7  percent  loss  in  overall  efficiency  with  a  1.0  and  1.1  percent  penalty 
in  the  first-  and  secondrstages,  respectively.  The  above  loss  in  turbine  efficiency  of  approxi¬ 
mately  1  percent  in  each  stage  is  caused  by  an  increase  in  mainstream  airflow  ingested  into 
the  root  cavities.  There,  it  looses  some  of  its  kinetic  energy  and  re-enters  the  flowpath  pos¬ 
sibly  causing  additional  losses  in  the  following  blade  or  vane  row.  An  analytical  expression 
has  been  derived  (see  Appendix  VIII)  which  estimates  the  amount  of  flow  ingestion,  and  its 
effect  on  the  performance,  by  assuming  that  the  entire  loss  comes  from  the  total  dissipation 
of  kinetic  energy  in  the  root  cavities.  By  using  the  part  annular  cascade  data  to  set  the  row 
losses  in  the  referenced  equation,  the  calculated  increase  in  ingested  airflow  to  produce  the 
measured  I  percent  decrease  in  stage  efficiencies  is  approximately  1  percent  of  mainstream 
flow  per  cavity.  This  magnitude  represents  a  maximum  since  any  loss  attributable  to  the  low 
energy  air  re-entering  the  flowpath  would  have  the  effect  of  reducing  the  calculated  change 
in  ingested  mainstream  flow. 

(C)  For  Build  4,  the  cavity  filler  rings  were  removed  and  the  overall  turbine  efficiency  was 
measured  to  be  90.9  percent,  the  first-  and  second-stage  efficiencies  being  91.1  and  88.7  per¬ 
cent,  respectively.  These  efficiencies  are  essentially  the  same  magnitude  as  for  Build  3.  The 
spanwise  efficiency  curves  of  Figures  100,  101  and  102  also  indicate  that  shifts  in  the  root 
efficiency  did  not  occur  upon  removal  of  the  filler  rings.  It  is  worthwhile  to  point  out  that 
the  removal  of  the  filler  blocks  in  Build  4  is  a  more  meaningful  test  than  was  their  addition  in 
Build  2.  In  Build  2,  the  airfoil  platforms  may  have  been  restricting  the  ingestion  of  main¬ 
stream  flow  into  the  cavities  to  the  point  where  the  addition  of  the  blocks  had  a  negligible 
effect.  In  Build  4,  however,  the  platforms  were  not  present  and  the  effect  of  removing  the 
blocks  should  have  been  maximized.  Since  no  change  resulted  from  the  removal  of  the  blocks, 
it  can  be  concluded  that  the  root  filler  rings  have  no  measurable  effect  on  turbine  efficiency. 

5.  SUMMARY  OF  RESULTS 

(a)  Build  I 

•  (C)  The  two-stage  turbine  demonstrator  efficiency  is  92.1  percent  at  the  design  point 
total  pressure  ratio  and  rim  velocity  ratio  of  3.723  and  0.40,  respectively. 

•  (C)  The  first-and  second-stage  efficiencies  were  measured  at  92.2  and  90.0  percent, 
respectively,  at  the  design  point  pressure  ratio  and  velocity  ratio. 
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•  (C)  The  design  stage  reactions  were  not  realized  in  this  turbine.  The  measured  first-and 
second-stage  root  and  tip  static  pressure  reactions  are  29.0  and  36.7  percent  and  37.4 
and  44.3  percent,  respectively,  compared  to  the  design  reactions  of  37.0  and  46  percent 
and  31.1  and  50.9  percent. 

•  (C)  The  flow  capacity  was  lower  than  design  by  1 .2  percent. 

(b)  Build  2 

•  (C)  The  Build  2  overall  thermocouple  efficiency  is  91 .7  percent  at  the  design  point 
total  pressure  ratio  and  velocity  ratio.  Running  tip  clearances  were  the  same  as  for 
Build  1. 

•  (C)  The  first-  and  second-stage  efficiencies  are  92.2  and  89.2  percent  at  the  design  point 
total  pressure  ratio  and  velocity  ratio,  respectively. 

•  (C)  The  installation  of  the  root  filler  blocks  had  no  appreciable  effect  on  turbine  stage  ef¬ 
ficiency.  The  airfoil  platform  overlap  minimized  their  effectiveness. 

(c)  Build  3 

•  (C)  The  Build  3  overall  thermocouple  efficiency  is  91.0  percent  at  the  design  point 
total  pressure  ratio  and  velocity  ratio.  The  running  tip  clearance  was  the  same  as  for 
Builds  1  and  2. 

•  (O  The  first-and  second-stage  efficiencies  are  91 .2  and  88.9  percent,  respectively,  at 
design  point  operation. 

•  (C)  The  change  in  overall  efficiency  of  0.7  percent  is  due  to  the  loss  in  stage  root 
efficiency  caused  by  the  platform  cutbacks  in  each  stage. 

(d)  Build  4 

•  (C)  The  Build  4  overall  thermocouple  efficiency  is  90.9  percent  at  the  design  point 
total  pressure  ratio  and  velocity  ratio.  The  running  tip  clearance  was  the  same  as  for  the 
previous  three  builds. 

•  (C)  The  first-and  second-stage  efficiencies  are  91 .2  and  88.7  percent,  respectively. 

<*  (O  The  removal  of  the  root  filler  pieces  has  no  appreciable  effect  on  turbine  efficiency. 
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SECTION  V 

ADDITIONAL  TESTS  TO  EVALUATE  LOW  SOLIDITY  AIRFOILS 


1.  OBJECTIVE 

(U)  The  objective  of  this  add-on  task  was  to  evaluate  the  aerodynamic  performance  of  the 
low  solidity  airfoils  designed  for  the  same  velocity  triangles  as  the  baseline  airfoils  of  Task 
lib.  The  performance  of  the  first  vane,  first  blade  and  second  vane  low  solidity  airfoils 
will  be  reported  in  this  Section.  Also,  the  performance  of  all  the  airfoils  of  the  n<  .ninal, 
medium  and  low  solidities  will  be  compared  in  concluding  summary. 

2.  TASK  OBJECTIVE 

(U)  Each  of  the  three  low  solidity  airfoils  was  evaluated  in  an  annular  segment  cas^  !e 
exactly  as  in  Task  Hb  (Reference  3).  The  data  has  been  analyzed  and  the  task  objectives 
were  met  by  the  following  steps: 

•  Measurement  of  all  important  aerodynamic  properties  at  the  cascade  exit  plane. 

•  Reconstruction  of  the  entire  exit  plane  total  pressure  loss  distribution. 

•  Reconstruction  of  the  entire  exit  plane  flow  angle  distribution. 

•  Measurement  of  airfoil  surface  static  pressure  distributions  at  root,  mean,  and  tip 
sections. 

•  Careful  analysis  of  all  data  and  visual  clues. 

3.  AIRFOIL  SECTION  DESIGN 

(U)  The  medium-reaction,  low  solidity  airfoils  were  designed  to  the  same  turbine  velocity 
diagrams  as  the  normal  solidity  airfoils.  These  diagrams  were  presented  in  Reference  I. 

A  summary  of  the  pertinent  design  values,  the  airfoil  elevations,  gaging  distribution,  airfoil 
sections  nnd  predicted  surface  pressure  distributions  for  each  of  the  three  low  solidity  air¬ 
foils  is  presented  in  Appendix  VI.  The  fabrication  coordinates  of  each  airfoil,  including  the 
airfoil  angles,  airfoil  areas,  axial  chords  and  uncovered  turnings,  are  presented  in  Appendix 
VII. 

4.  TEST  FACILITY  DESK  JN 

(U)  The  test  section  design  for  each  of  the  three  low  solidity  airfoils  is  identical  to  the 
medium  solidity  cascades  described  in  References  4  and  5.  Each  test  cascade  was  fabricated 
by  replacing  the  eight  medium  solidity  airfoils  by  seven  of  the  low  solidity  airfoils.  New, 
smooth  inner  and  outer  end  walls  were  also  fabricated  for  each  cascade.  The  inlet  guide 
vanes  arc  the  same  as  those  used  in  the  final  test  of  the  medium  solidity  airfoils  reported  in 
References  4  and  5. 
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(U)  Static  pressure  instrumentation  was  installed  in  order  to  determine  the  static  pressure 
distributions  on  the  airfoil  surfaces  and  over  both  the  test  airfoil  inlet  and  exit  end  walls. 

The  static  pressure  instrumentation  on  the  airfoils  was  located  at  the  mean  section,  and  at 
sections  0.1  inch  from  the  outer  and  inner  end  walls,  as  shown  for  the  medium  solidity 
airfoils  in  Reference  4.  The  axial  chord  locations  of  the  pressure  taps  of  the  low  solidity 
airfoils  are  listed  in  Tables  XU1  through  XV.  Again,  great  care  was  taken  to  preserve  the 
contour  and  smoothness  of  the  suction  side  of  each  instrumented  airfoil.  To  this  end,  all 
hypodermic  tube  leads  were  placed  in  grooves  on  the  pressure  side,  and  pressure  tap  holes 
were  then  drilled  into  these  tubes  from  the  suction  surface  as  shown  in  Reference  4.  In 
each  low  solidity  cascade  the  instrumented  airfoil  was  located  next  to  the  airfoil  at  the 
center  of  the  cascade.  The  endwall  static  pressure  taps  were  located  in  the  exit  plane  of  the 
inlet  guide  vanes  and  0.1  inch  axially  downstream  from  the  test  airfoils.  There  were  three 
static  taps  on  each  inlet  endwall  and  thirteen  taps  on  each  exit  endwall  as  shown  in  Reference 
4.  Due  to  the  change  in  solidity,  the  exit  static  pressure  taps  are  not  aligned  witn  the  air¬ 
foils  as  they  were  in  the  medium  solidity  cascades. 

(U)  Four  inlet  static  pressure  taps  and  four  total  temperature  probes  were  located  before 
and  after  the  inlet  plenum  screen.  Four  pressure  taps,  located  in  the  exit  plenum,  measured 
the  exit  static  pressure.  A  study  of  these  plenum  configurations  showed  the  static  pressures 
were  equal  to  the  total  pressures:  therefore,  the  static  taps  were  used  for  the  plenum  total 
pressure  readings.  One  of  these  inlet  plenum  total  pressure  measurements  after  the  screen 
was  used  as  the  upstream  total  pressure  reference  of  the  traversing  probe.  This  permitted 
making  a  differential  loss  measurement  free  of  error  due  to  inlet  pressure  fluctuations. 

(U)  The  axial  location  of  the  exit  traverse  plane,  the  traversing  mechanism,  the  annular 
sector  traversed,  and  the  percent  of  span  of  the  total  pressure  loss  and  flow  direction  traverse 
prebe  measurements  were  identical  to  those  of  the  medium  solidity  cascades.  No  traverses 
were  made  of  the  inlet  plane  in  the  low  solidity  tests,  since  the  inlet  guide  vanes  had  been 
tested  previously  as  part  of  the  medium  solidity  test  program. 

(U)  The  travelling  probe  used  to  measure  the  exit  total  pressure  and  flow  direction  was  a 
modified,  extended  tip*  yaw  angle  -  seeking  cobra  probe.  This  probe  has  low  blockage, 
operates  well  at  high  Mach  numbers  and  is  ideally  suited  for  the  traversing  mechanisms  used 
in  this  rig.  The  modification  to  the  standard  cobra  probe  shown  in  Reference  4  gives  the 
probe  zero  pitch  angle  error  over  a  range  of  90-to-l  1 0  degrees.  Hence,  in  the  low  solidity 
tests  it  was  unnecessary  to  measure  the  exit  flow  pitch  angle  or  make  any  corrections  to  the 
cobra  probe  total  pressure  measurements  dm  to  pitch  angle  error. 

(U)  The  results  of  the  annular  cascade  tests  on  the  nominal  and  medium  solidity  airfoils 
strongly  indicated  that  a  laminar  boundary  layer  might  be  present  over  a  large  portion  of 
these  airfoil  suction  surfaces,  presumably  because  of  the  cascade  rigs  low  inlet  turbulence. 

The  very  low  profile  losses  due  to  the  low  skin  friction  of  the  laminar  boundary  layer  or  the 
high  losses  due  to  laminar  boundary  separation  are.  however,  uncharacteristic  of  airfoil 
perfr  ’MBce  in  operating  turbines.  In  operating  turbines,  boundary  layers  are  generally 
full,  turbulent,  except  at  very  low  Reynolds  numbers.  To  promote  the  turbulent  boundary 
layer  in  the  low  solidity  cascade  tests,  trip  wires  of  0.005  inch  diameter  were  placed  at  the 
20  percent  axial  chord  location  from  root-to-tip  on  each  airfoil. 
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TABLE  XIII 

AIRFOIL  STATIC  PRESSURE  IVSTRt  MENTATION 
LOU  SOUDTTY 

Firvt  Sup 


Section 

Airfoil  Side 

I  ft*n*  It  X 

X  bx 

Tip 

Section 

G-G 


NOTE:  Tip  Section  taps  are  actually  located  parallel  to  wall  on  section  J-J. 
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TABLE  XIV 

AIRFOIL  STATIC  PRESSURE  INSTRUMENTATION 
LOW  SOLIDITY 


First-Stage  Blade 


Axial  Length 

Section 

Airfoil  Side 

From  L.E.,  X 

X/bx 

1  vOI*  j 

Suction 

0.080 

0.134 

QhHHHhI 

0.470 

m ... 

0.681 

■  si 

0.458 

0.769 

Suction 

Mean 

0.060 

0.105 

Section 

0.150 

0.264 

C-C 

0.270 

0.475 

0.360 

0.633 

0.419 

0.737 

Suction 

0.108 

0.201 

s  i 

0.215 

O.tOO 

0.323 

0.600 

l  ■!  H 

0.377 

0.700 

0.800 

NOTE:  Tip  section  taps  are  actually  located  parallel  to  wall  on  section  J-J. 
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TABLE  XV 

AIRFOIL  STATIC  PRESSURE  INSTRUMENTATION 
LOW  SOLIDITY 


Second-Stage  Vane 


Section 

Airfoil  Side 

Axial  Length 
From  L.E.,  X 

X/bx 

Root 

Suction 

0.083 

0.098 

Section 

0.167 

0.200 

A-A 

0.250 

0.300 

0.334 

0.401 

0.404 

0.480 

0.510 

0.613 

0.585 

0.703 

'  ' 

0.668 

0.800 

Pressure 

0.540 

0.642 

0.180 

0.214 

Mean 

Suction 

0.088 

0.100 

Section 

0.176 

0.200 

C-C 

0.264 

0.300 

0.371 

0.421 

0.440 

0.500 

0.5_8 

0.600 

0.616 

0.700 

0.705 

0.800 

Pressure 

0.565 

0.641 

0.179 

0.203 

Tip 

Suction 

0.056 

0.060 

Section 

0.388 

0.417 

Cr-C, 

0.509 

0.547 

0.589 

0.633 

0.640 

0.688 

0.686 

0.737 

Pressure 

0.655 

0.704 

NOTE:  O.D.  taps  are  actually  located  parallel  to  wall  on  section  J-J. 
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5.  DISCUSSION 

(U)  The  testing  and  analysis  of  the  data  on  the  medium-reaction,  low-solidity  first  vane, 
first  blade  and  second  vane  has  been  completed. 

(U)  For  each  of  the  low  solidity  cascades  data  were  taken  at  the  design  Mach  number  and 
design  Reynolds  number.  For  the  first  and  second  vane  cascades  data  were  also  taken  at 
Mach  numbers  0.1  above  and  below  the  design  Mach  number  at  the  design  Reynolds  num¬ 
ber.  For  the  first  blade  data  were  taken  at  a  Mach  number  0.1  below  the  design  Mach  num¬ 
ber  and  at  the  design  Reynolds  number. 

(U)  The  inlet  guide  vanes  were  evaluated  as  part  of  the  medium  solidity  test  program  at 
similar  design  Mach  number  and  Reynolds  number  conditions  as  in  the  low  solidity  tests. 

It  was  therefore  assumed  that  the  inlet  guide  vane  APo/Po  losses  and  exit  air  angles  would 
also  be  similar  in  the  corresponding  low  solidity  test.  These  pressure  losses  and  air  angles 
were  reported  in  References  4  and  5. 

(U)  The  plots  of  the  important  aerodynamic  quantities  based  on  thd  inlet  and  exit  plane 
measurements  for  the  first  vane,  first  blade  and  second  vane  at  the  test  conditions  nearest 
the  design  conditions  are  shown  in  Figures  104  through  !  33.  These  plots  are  presented  in 
the  order  that  they  will  be  subsequently  discussed. 

(U)  The  first  vane  airfoil  cascade  total  pressure  loss  contours  (Figure  104).  spanwisc  total 
pressure  loss  plot  •  Figure  105)  and  spanwisc  loss  coefficient  (1  -  4>2 )  plot  (Figure  106)  indi¬ 
cate  that  the  cascade  is  operating  with  low  looses  in  the  midspan  area  and  with  high  localized 
loss  areas  at  the  endwalls.  This  performance  is  typical  of  an  airfoil  operating  with  attached 
boundary  layers  and  strong  endwall  secondary  flows.  The  integrated  overall  loss  coefficient 
for  this  airfoil  is  0.069  and  the  midspan  loss  coefficient  is  0.037.  The  midspan  loss  coefficient 
predicted  by  boundary  layer  calculation  is  0.028. 

(U)  The  first  vane  gas  angle  contours  (Figure  107)  and  spanwise  plots  (Figure  108)  show 
close  agreement  with  the  design  angles  over  the  midspan  and  typical  under- and  over-turning 
at  the  endwalls  due  to  secondary  flow.  Neither  these  angle  plots  nor  the  flow  coefficient 
plot  (Figure  109)  give  any  evidence  of  flow  separation.  I 

(U)  The  first  vane  spanwise  exit  Mach  number  plot  (Figure  1 10)  indicates  fairly  good  agree¬ 
ment  with  design  values  over  the  span. 

(U)  The  surface  static  pressure  distributions  for  the  root,  mean  and  tip  section  (Figures  III. 

1 1 2  and  1 1 3)  indicate  that  the  airfoil  surface  pressures  are  lower  than  predicted  over  the 
first  forty  percent  of  axial  chord.  This  may  account  for  the  higher  than  predicted  profile 
losses  of  this  airfoil. 

(U)  The  first  blade  airfoil  total  pressure  loss  contours  (Figure  1 14),  spanwise  total  pressure 
loss  plot  (Figure  115)  and  spanwise  loss  coefficient  (I  -  $2 )  plot  (Figure  1 1 6)  indicate  that 
the  cascade  is  operating  with  high  losses  in  the  midspan  area,  a  high  localized  loss  area  at  the 
tip  and  a  very  high  loss  area  at  the  root.  The  integrated  overall  loss  coefficient  for  this  airfoil 
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is  0. 1 67  and  the  mid  span  low  coeit.v  •  9**  2  The  boundary  layer  calculation  predicted 

that  there  would  be  a  scp^ratmo  on  aw  artai  ■mcrnm  ade  at  96  percent  of  the  axial  chord 
and,  hence,  no  loss  could  be  cowpoaed  want  boundary  layer  theory. 
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Figure  104  Pressure  Loss  Contours,  First  Vane.  Low  Solidity.  Three  Flow  Passages, 
Midspan  Exit  Mach  No.  =  0.870 


PAOC  NO.  93 


UNCLASSIFIED 


2 

2 

< 


Figure  105 


Figure  106 
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PERCENT  SPAN 


Spanwise  Pressure  Loss  Distribution.  First  Vane.  Low  Solidity.  Midspan  Exit 
Mach  No.  =  0.87Q 


Spanwise  Loss  Coefficient  Distribution,  First  Vane.  Low  Solidity.  Midspan 
Exit  Mach  No.  =  0.870 
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igure  108 


Spariwise  Exit  Gas  Angle  Distribution.  First  Vane.  Low  Solidity.  Midspan 
Exit  Mach  No.  =  0.870 


PERCENT  SPAN 

Figure  109  Spanwise  Exit  Flow  Coefficient  Distribution.  First  Vane.  Low  Solidity, 
Midspan  Exit  Mach  No.  =  0  870 


MOI  MO. 


96 


UNCLASSIFIED 
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Figure  1 10  Spunwise  Exit  Much  Number  Distribution.  First  Vane.  Low  Solidity.  Midspan 
Exit  Mach  No.  =  0.870 


Figure  1 1 1  Static-to-Total  Pressure  Ratio  Versus  Percent  Axial  Chord.  First  Vane.  Low 
Solidity.  Root  Section 


PAOC  NO 


97 


UNCLASSIFIED 


UNCLASSIFIED 


Figure  1 1 2  Static-to-Total  Pressure  Ratio  Versus  Percent  A\ial  Chord.  First  Vane.  Low 
Solidity.  Mean  Section 


Figure  M3  Static  -to-Total  Pressure  Ratio  Versus  Percent  Axial  Chord,  First  Vane.  Low 
Solidity,  Tip  Section 
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A  Po/fo  CONTOURS 

Figure  1 14  Pressure  Loss  Contours,  First  Blade,  Low  Solidity,  Three  Flow  Passages, 
Midspan  Exit  Mach  No. *  0.685 
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Figure  I  IS  Spanwise  Pressure  Loss  Distribution,  First  Blade,  Low  Solidity,  Midspan  Exit 
Mach  No.  =  0.685 


Figure  1 16  Spanwise  Lon  Coefficient  Distribution,  First  Blade,  Low  Solidity,  Midspan 
Exit  Mach  No.'*  0.685 
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(U)  The  first  blade  gas  angle  contours  (Figure  1 1 7)  and  spanwise  plots  (Figure  118)  show 
good  agreement  with  design  values  in  the  midspan  area.  In  the  area  of  the  tip,  the  gas  angles 
are  as  much  as  four  degrees  above  the  design  values  due  to  a  typical  secondary  flow.  From 
the  root  to  about  30  percent  of  the  span  there  appears  to  be  a  separated  flow  as  well  as  a 
secondary  flow  causing  gas  angles  from  three-to-four  degrees  higher  than  the  design  values. 

The  presence  of  separated  flow  at  the  root  is  also  shown  by  the  low  values  of  the  flow  coeffi¬ 
cient  at  the  root  shown  in  the  flow  coefficient  plot  (Figure  1 19). 

(U)  The  first  blade  spanwise  exit  Mach  number  plot  (Figure  1 20)  indicates  fairly  good  agree¬ 
ment  with  the  design  values  from  the  midspan  to  the  tip  and  very  low  values  from  30  percent 
span  to  the  root  due  to  the  separation. 

(U)  The  surface  static  pressure  distributions  for  the  root,  mean  and  tip  sections  (Figures 
121,122  and  1 23)  indicate  that  the  root  is  unloaded  relative  to  the  design  values,  that  the 
mean  is  operating  near  design  and  that  the  tip  is  loaded  more  heavily  than  design.  A  similar 
conclusion  can  be  reached  from  an  examination  of  the  Mach  number  plot.  There  is  evidently 
a  large  shift  in  the  flow  from  the  root  to  the  tip  due  to  the  separation. 

(U)  The  second  vane  airfoil  cascade  total  pressure  loss  contours  (Figure  1 24),  spanwise  total 
pressure  loss  plot  (Figure  1 25)  and  spanwise  loss  coefficient  (1  -  $2 )  plot  (Figure  1 26)  indicate 
that  the  cascade  is  operating  with  high  losses  in  the  midspan  area,  a  higher  localized  loss  area 
at  the  root  and  a  very  high  loss  area  at  the  tip.  The  integrated  overall  loss  coefficient  for  this 
airfoil  is  0.143  and  the  midspan  loss  coefficient  is  0.055.  The  midspan  loss  coefficient  pre¬ 
dicted  by  boundary  layer  calculation  is  0.039. 

(U)  The  second  vane  gas  angle  contours  (Figure  1 27)  and  the  spanwise  plot  ( Figure  1 28) 
show  good  agreement  with  the  design  values  at  the  midspan,  deviations  of  up  to  3  degrees  at 
the  root  due  to  secondary  flow,  and  deviations  of  up  to  4  degrees  at  the  tip  due  to  the  com¬ 
bined  effects  of  the  separated  and  secondary  flows.  The  flow  coefficient  plot  (Figure  1 29) 
also  indicates  the  presence  of  a  separated  region  at  the  tip. 

(U)  The  second  vane  spanwise  exit  Mach  number  plot  (Figure  130)  indicates  good  agreement 
with  the  design  values  from  the  root-to-mean  sections  and  lower  than  the  design  Mach  numbers 
from  the  mean-to-tip  sections.  Again,  the  low  Mach  numbers  can  be  attributed  to  the  separa¬ 
tion. 

(U)  The  surface  static  pressure  distributions  for  the  root,  mean  and  tip  sections  (Figures 
131,  132  and  1 33)  indicate  that  the  root  is  unloaded  relative  to  the  design  prediction  and 
that  the  mean  and  tip  sections  are  operating  near  the  design  predictions.  It  should  be  noted 
here  that  the  pressure  distribution  computation  used  to  make  the  design  predictions  is  basic¬ 
ally  a  subsonic  calculation.  Hence,  the  prediction  of  transonic  pressures  in  the  root  section 
may  be  incorrect. 

(U)  It  is  likely  that  the  poor  performance  of  the  second  vane  tip  section  can  be  explained 
by  the  positive  incidence  from  about  80-to-l00  percent  of  the  span.  The  inlet  guide  vane 
performance  is  shown  in  Reference  5. 
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EXIT  a  AS  ANGLE  CONTOURS,  DEGREES 

Exit  Gas  Angle  Contours,  First  Blade,  Low  Solidity,  Three  Flow  Passages. 
Midspan  Exit  Mach  No.  *  0.685 
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Figure  1 18  Spanwise  Exit  Gas  Angle  Distribution.  First  Blade,  Low  Solidity.  Midspan 
Exit  Mach  No.  =  0.685 


Figure  1 19  Spanwise  Exit  Flow  Coefficient  Distribution,  First  Blade,  Low  Solidity. 
Midspan  Exit  Mach  No.  =  0.685 
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Figure  120  Spanwise  Exit  Mach  Number  Distribution,  First  Blade,  Low  Solidity, 
Midspan  Exit  Mach  No.  =  0.685 


PERCENT  AXIAL  CHORD 

Figure  121  Static-to-Total  Pressure  Ratio  Versus  Percent  Axial  Chord,  First  Blade,  Low 
Solidity,  Root  Section 


p«e«  no.  IW 


UNCLASSIFIED 


y  jig.r-g  ™w***v> 


Figure  122 


Figure  123 
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Static-to-Total  Pressure  Ratio  Versus  Percent  Axial  Chord,  First  Blade,  Low 
Solidity,  Mean  Section 


Static-to-Total  Pressure  Ratio  Versus  Percent  Axial  Chord.  First  Blade,  Low 
Solidity,  Tip  Section 
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Figure  124  Pressure  Loss  Contours,  Second  Vane,  Low  Solidity,  Three  Flow  Passages, 
Midspan  Exit  Mach  No.  =  0.870 
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Figure  1 25  Spanwise  Pressure  Loss  Distribution.  Second  Vane.  Low  Solidity.  Midspan 

Exit  Mach  No.  =  0.870 
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Figure  126 


Spanwise  Loss  Coefficient  Distribution,  Second  Vane.  Low  Solidity .  Midspan 
Exit  Mach  No.  =  0.870 
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Figure  130  Spanwise  Exit  Mach  Number  Distribution,  Second  Vane,  Low  Solidity,  Mid¬ 
span  Exit  Mach  No.  =  0.870 
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Figure  1 3 1  Static-to-Total  Pressure  Ratio  Versus  Percent  Axial  Chotd,  Second  Vane,  Low 
Solidity,  Root  Section 
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Figure  132  Static-to-Total  Pressure  Ratio  Versus  Percent  Axial  Chord,  Second  Vane,  Low 
Solidity,  Mean  Section 
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Figure  133  Static-to-Total  Pressure  Ratio  Versus  Percent  Axial  Chord,  Second  Vane  Low 
Solidity,  Tip  Section 
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(U)  A  complete  summary  of  the  loss  coefficient  data  taken  on  the  low  solidity  airfoils  for 
the  various  midspan  Mach  numbers  and  design  Reynolds  numbers  is  shown  in  Table  XVI. 

he  data  indicates  that  exit  Mach  number  usually  has  only  a  small  effect  on  the  overall  per¬ 
formance  of  these  airfoils.  However,  the  first  vane  appears  to  be  separated  at  the  lower  Mach 
number  with  a  consequent  doubling  of  the  loss.  In  another  program  the  first  blade  was 
tested  without  the  0.00S  inch  trip  wire  installed  at  20  percent  of  the  axial  chord.  A  com¬ 
parison  of  the  overall  losses  shown  in  Table  XVI  indicate  no  performance  change  occurred 
due  to  the  trip  wire  in  these  tests.  The  midspan  loss  coefficients  do  change,  but  there  is  no 
consistent  performance  trend. 


6.  SUMMARY 

(U)  A  comparison  of  the  performance  of  the  normal,  medium  and  low  solidity  airfoils  is 
presented  in  this  section. 

(U)  The  results  of  the  low  solidity  annular  segment  cascade  tests  are  directly  comparable  to 
the  results  of  the  normal  and  medium  solidity  tests  reported  in  reference  S.  This  summary 
comparison  is  presented  in  Table  XVII.  The  midspan  test  value  presented  in  the  table  is  a 
local  value.  The  root-to-mean,  mean-to-tip  and  overall  test  averages  are  the  flow-weighted 
values  computed  in  every  instance  from  nineteen  traverses.  For  completeness,  the  results  of 
plane  cascade  tests  reported  in  Reference  5  have  been  included  in  Table  XVII.  A  study  of 
the  overall  loss  coefficients  presented  in  Table  XVII  shows  that  the  normal  solidity  airfoils 
have  the  best  aerodynamic  performance. 

(U)  A  comparison  of  design  parameters  for  all  three  solidities,  such  as  pitch-to-chord  ratio, 
load  coefficient  or  AP/Q,  generally  considered  to  be  helpful  in  determining  if  an  airfoil  de¬ 
sign  will  have  acceptable  performance,  can  be  found  in  Reference  1 ,  Section  II,  Table  II. 
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SUMMARY  OF  DATA  -  LOW  SOLIDITY  AIRFOILS 


e  »  2 

I!  a  2 

T3  w  5i  >. 


a. 

•a  «  , 

3E  H  3E 


c  u  2R 

«  C  B 

ti#  § 
sli  3 


I 

I  ^ 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XVII 

SUMMARY  OF  DESIGN  POINT  I  V  LOSS  COEFFIC  IENTS  FOR 
NORMAL,  MEDIUM  AND  LOW  SOLIDITY  AIRFOILS 


Turbine  Deiipi 
Midapen  Exit 
Mach  No.* 
Reynold*  No 

— 

Teat 

ttidapan 

Predicted  For  Fuily 
Turbulent  Boundary 
Layer 

Root-To-Mean 

Average 

Test 

Mean-To-Tip 

Average 

Teit 

Overall  Average 
Teat 

0.854 

4.38  x  10s 

0.017 

0.023* 

0.025** 

0.031 

0.029 

0.035 

0.034 

0.032* 

Medium  Solidity 
Fint  Vane 

0.854 

4.38  x  10s 

0.031 

0.035 

0.051 

0050 

0.051 

wwrrwp^m 

0.037 

0028 

0.057 

0.083 

0069 

Normal  Solidity 
Fint  Blade 

0.780 

2.26  x  I05 

0.0266 

0.025** 

0.049 

0.0368 

00433 

0.040 

Medium  Solidity 
Fint  Blade 

0.780 

2.26  x  I05 

0.114 

0.043 

0.200 

0.125 

0.159 

Low  Solidity 

Fint  Blade 

0.780 

2.26  x  I05 

0.092 

Separated 
at  96%  X/bx 

0.170 

| 

0.167 

Normal  Solidity 
Second  Vane 

0.869 

2.95  x  I05 

0.021 

0.028* 

0.024** 

0.034 

0.0275 

0.0325 

0030 

0.034* 

Medium  Solidity 
Second  Vane 

0.869 

2.95  x  10s 

0.123 

0.034 

0.085 

0.157 

Low  Solidity 
Second  Vane 

0.869 

2.95  x  10s 

0055 

0.039 

0.054 

0.256 

0.143 

Normal  Solidity 

Second  Blade 

0.904 

1.52  x  10s 

0.028 

0.023** 

0.040 

0.0322 

0.0438 

0.038 

Medium  Solidity 
Second  Blade 

0.904 

1.52  x  10s 

0.033 

0.046 

0.042 

0.092 

0.070 
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SECTION  VI 

CONCLUSIONS  AND  RECOMMENDATIONS 


1:  CONCLUSIONS 

(U)  As  part  of  a  continuous  effort  to  improve  gas  turbine  engine  technology,  an  exploratory 
research  program  was  conducted  to  develop  turbine  aerodynamic  methods  and  design  proce* 
dures  for  efficient,  high-work  low  pressure  turbines. 

(C)  The  turbine  design  parameters  were  chosen  for  the  demonstrator  vehicle  and  these  were 
defined  in  the  Contract  (Table  1,  Section  II).  Figure  134  indicates  the  program  goal  in  terms 
of  efficiency  and  work  level.  This  figure  indicates  the  free  vortex  turbine  experience  efficiency 
band  and  work  levels  at  the  onset  of  this  program.  The  goal  established  for  this  program  was 
tp  maintain  the  peak  efficiency  attained  with  turbines  of  free  vortex  design  while  increasing 
the  work  level  at  constant  wheel  speed  by  more  than  SO  percent. 
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Figure  134  Program  Objective  -  Build  I,  Test  at  Design  Pressure  Ratio 
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(U)  To  attain  this  goal,  the  initial  guidelines  were  set  as  follows: 

•  Utilize  sound  aerodynamics. 

•  Develop  aerodynamics  in  cascade  tests. 

•  Develop  the  capability  to  synthesize  these  cascade  aerodynamic  data  into  the  required 
turbine. 

(U)  The  program  was  conducted  in  such  a  manner  as  to  define  a  turbine  design  with  the 
highest  resistance  to  boundary  layer  separation.  The  important  items  learned  from  this  pro¬ 
gram  are: 

•  The  work  level  can  be  increased  by  more  than  50  percent  over  free  vortex  designs. 

•  There  is  no  substitute  for  good  aerodynamic  contouring. 

•  Profile  losses  can  be  predicted  from  boundary  layer  parameters. 

•  Profile  losses  are  only  a  part  of  the  total  loss. 

•  Transonic  pressure  distribution  calculations  must  be  used. 

•  A  sound  design  can  be  made  with  radial  work  variations. 

(C)  Figure  134  shows  that  the  efficiency  goal  was  exceeded  at  the  required  work  level,  indi¬ 
cating  that  a  sound  design  procedure  was  used. 

2.  RECOMMENDATIONS 

(U)  It  is  recommended  that  additional  effort  to  further  advance  low  pressure  turbine  tech¬ 
nology  be  made  in  the  following  areas: 

•  Redesign  the  second  stage  of  the  demonstrator  turbine  in  order  to  decrease  the  endwall 
losses  measured  in  the  present  design.  Data  from  this  program  indicates  that  the  second 
stage  efficiency  can  be  increased. 

•  Consider  a  turbine  redesign  at  lower  solidities  to  establish  the  upper  limit  of  airfoil 
loading  where  a  separation-free  design  cannot  be  realized. 
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Figure  135 


First-Stage  Vane  Elevation  (Wot  Dimensions) 
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Figure  140  Section  C-C,  First  Vane  Mean,  Cylindrical 


Figure  141  Section  C-C,  First  Vane  Mean,  Planar 
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Figure  143  Section  D-D,  First  Vane  V*  Tip,  Planar 
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Figure  144  Section  G-G,  First  Vane  Tip,  Cylindrical 


Figure  145  Section  G-G,  First  Vane  Tip,  Planar 
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Figure  146  First-Stage  Vane  Gas  Bending  Stress  versus  Percent  Span 
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Figure  1 52  First-Stage  Vane,  Tip  Section 
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Figure  153  First-Stage  Blade  Elevation 
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Figure  154 

Section  F-F,  First  Blade  Root. 
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Figure  155  Section  F-F,  First  Blade  Root,  Planar 
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Figure  156  Section  B-B,  First  Blade  Vi  Root,  Cylindrical 


Figure  157  Section  B-B,  First  Blade  Vi  Root,  Planar 
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Figure  158  Section  C-C,  First  Blade  Mean,  Cylindrical 


Figure  1 59  Section  C-C,  First  Blade  Mem.  Planar 
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Figure  1 60  Section  G-G,  First  Blade  Tip,  Cylindrical 


Figure  161  Section  G-G,  First  Blade  Tip,  Planar 
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Figure  164  First-Stage  Blade  Flow  Area  Versus  Rotation 
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Figure  165  First-Stage  Blade  Pretwist  Versus  Percent  Length 
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Figure  1 70  First-Stage  Blade,  V*  Tip  Section 
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Figure  172  Second-Stage  Vane  Elevation  (Hot  Dimensions) 
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Figure  173 


Section  F-F,  Second  Vane  Root 
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Figure  174  Section  F-F,  Second  Vane  Root,  Planar 
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Figure  1 75  Section  B-B,  Second  Vane  V*  Root,  Cylindrical 


Figure  176  Section  B-B,  Second  Vane  V*  Root,  Planar 
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Figure  1 79  Section  D-D,  Second  Vane  V*  Tip.  Cylindrical 
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Figure  181  Section  G-G,  Second  Vane  Tip,  Cylindrical 


Figure  182  Section  G-G,  Second  Vane  Tip,  Planar 
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Figure  1 83  Second-Stage  Vane  Flow  Area  Versus  Rotation 
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190  Second-Stage  Blade  Hlevation  (Hot  Dimensions) 
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Figure  f  93  Section  B-B.  Second  Blade  '4  Root.  C> lindneal 


Figure  194  Section  B-B.  Second  Blade  V*  Root.  Planar 
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Figure  196  Section  C-C.  Second  Blade  Mean.  Planar 
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Figure  197  Section  D-D.  Second  Blade  V*  Tip.  Cylindrical 


Figure  198  Section  D-D.  Second  Blade  %  Tip.  Planar 
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Figure  199  Section  G-G.  Second  Blade  Tip,  Cylindrical 


Figure  200  Section  G-G,  Second  Blade  Tip,  Planar 
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Figure  203  Second-Stage  Blade  Stress 
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Figure  207  Second-Stage  Biade,  !4  Tip  Section 
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Figure  208  Tecond-Stage  Blede.  Tip  Section 
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(U)  For  subsonic  flow,  Me  can  be  determined  iteratively  by  setting  a  first  guess  at  equal  to 
zero  and  by  using  the  above  equation  and  the  method  of  successive  substitutions. 

8.  THE  RELATIONSHIP  BETWEEN  THE  ACTUAL  CHORD  AND  THE  AXIAL  CHORD 
FOR  A  CIRCULAR  ARC  AIRFOIL  WITH  AXIAL  OUTFLOW 

(U)  The  geometry  necessary  to  solve  the  problem  is  shown  in  the  following  figure: 
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(U)  b  is  found,  from  the  Pythagorian  theorem,  to  be 

b:  =  R3(1-cos^)J  +  RJ  sin2  0.  =  RJ  (1  2 cos^  +  cos2  /3. 2  +  sin*  0.) 

-  2R:  1 1  cos ^1,  therefore, 
b  =  R  v/Tfi  cos  (}J  • 

(U)  Since  bx  =  R  sin  0  ,  it  follows  that 

± .  j . nr  . 

b^  "  1  +  cosjJ 

(U)  This  derivation  is  based  on  the  assumptions  that  no  incidence  or  deviation  exist. 

C.  CURVE  FIT  OF  Zp  VERSUS  Df 

(U)  Figure  149  (a),  page  205  of  Reference  (6)  gives  compressor  cascade  loss  (Zp)  versus  diffusion 
factor  (Df ).  A  simple,  but  accurate,  fit  for  this  data  turns  out  to  be  three  (3)  linear  segments. 
The  end  points  for  the  three  lines  are, 
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(U)  The  general  form  of  the  equation  <%. 

Z  =  A  +  BDf 
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we  find  thet,  after  some  rearrangement, 


E.  INCLUSION  OF  THE  END  WALL  LOSSES 


(U)  The  total  loss  may  be  looked  upon  as  the  sum  of  the  profile  and  end  losses,  such  that 


(U)  Which  may  be  rewritten  as 


(U)  Since  the  cascade  is  lightly  loaded,  we  may  assume  that  little  channel  crossflow  will  occur 
on  the  end  walls  and,  to  a  good  degree  of  accuracy,  the  loss  mechanisms  may  be  assumed 
the  same  on  the  end  walls  as  on  the  average  of  the  airfoil  surfaces.  This  is  the  same  as  saying 
that  the  end  wall-loss- to-profile-loss  ratio  is  the  same  as  the  wetted-wall-surface-area-to-air- 
foil-surface-area-ratio.  It  follows  then,  that 
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(U)  Therefore, 
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(U)  Combining  the  expressions  for  ijT  T  and  i?TT  measured  **  find* 
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where  at  the  design  point  the  pressure  ratio  is  set  at  the  design  value  so  that  the  above  ex 
press! on  may  be  evaluated  for  various  A  po/ pc 's.  Finally  then. 
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Figure  215  Medium  Reaction,  Low  Solidity,  First-Stage  Vane  Mean  (C-C)  Section 
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Figure  216  Medium  Reaction,  Low  Solidity,  First-Stage  Vane  Mean 
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Figure  223  Medium  Reaction,  Low  Solidity,  First-Stage  Blade  Root  (F-F)  Section 
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Figure  224  Medium  Reaction,  Low  Solidity,  First-Stage  Blade  Root 
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Figure  229  Medium  Reaction,  Low  Solidity,  First-Stage  Blade  Vi  Tip  (D-D)  Section 
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Figure  230  Medium  Reaction,  Low  Solidity,  First-Stage  Blade  V*  Tip 
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Figure  233  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane 
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Figure  234  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane  -  Gaging  Distribution 


PAM  NO.  1 89 


UNCLASSIFIED 


' 

/ 

/ 

>✓ 

/ 

/ 

■ 

UNCLASSIFIED 


MO.  Of  FOILS 
DIAMETER  -  MOT 
PITCH -MOT 
GAGING  -  MOT 
AXIAL  WIOTM 
METAL  AREA 


STACKING  POINT 
X  -  0  4143*  Y-0.44IOS 


L.E.  RADIUS  0.020" 

SOIL  INLET  ANGLE  37.28° 
GAS  INLET  ANGLE  37.»® 


S3 

'bxr 

0.7001" 

0.37S3" 

0.832" 


T.E.  RADIUS 

0.010" 

GAGING  ANGLE 

28*4® 

FOIL  EXIT  ANGLE 

30574® 

GAS  EXIT  ANGLE 

30.57® 

20.0° 

8.0® 

18.07*® 

0.5318 


Figure  235  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane  Root  (F-F)  Section 
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Figure  237  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane  *4  Root  (R-B)  Section 
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Figure  238  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane  V-  Root 
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Figure  239  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane  Mean  (C-C)  Section 


Figure  240  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane  Mean 
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Figure  241  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane  'A  Tip  (D-D)  Section 
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Figure  242  Medium  Reaction,  Low  Solidity,  Second-Stage  Vane  %  Tip 
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TABLE  XIX 
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X 

Y 

(Circle) 

Y 

(Circle) 

X 

(Top) 

(Hot) 

.00 

-.01376 

.83678 

.82278 

.77986 

.82278 

01 

-.00603 

.84352 

.84301 

.78317 

.80254 

.02 

.00170 

.84975 

.78618 

.79634 

.03 

.00943 

.85547 

.78886 

.79329 

.04 

.01716 

.86072 

.79123 

.79244 

.05 

.02489 

.86551 

.79327 

.10 

.06354 

.88300 

.79842 

.15 

.10219 

.89074 

.79484 

.20 

.14083 

.88974 

.78246 

.25 

.17948 

.88073 

.76164 

.30 

.21813 

.86423 

.73305 

.35 

.25678 

.84064 

.69760 

.40 

.29543 

.81022 

.65628 

.45 

.33408 

.77317 

.61003 

.50 

.37273 

.72958 

.55972 

.55 

.41138 

.67950 

.50607 

.60 

.45003 

.62294 

44968 

.65 

.48868 

.56008 

.39104 

.70 

.52733 

.49123 

.33054 

.75 

.56597 

.41686 

.26851 

.80 

.60462 

.33754 

.20519 

.85 

.64327 

.25383 

.14079 

.90 

.68192 

.16631 

.07547 

.95 

.72057 

.07551 

.00938 

.98 

.74376 

.01965 

-.03060 

-.02846 

.99 

.75149 

.00082 

-.04398 

-.02982 

1.00 

.75922 

-.01811 

-.02008 

-.05738 

-.02008 

LI.  Center 

(.01658. 

.82278) 

R  =  .03034 

TE  Center 

(.74922, 

-.02008) 

R  -  .01000 

Center  of  Gravity 

(.38239. 

.57138) 

Radial  Reference 

(.39272. 

.57391) 

Gaging  - 

.44737 

Noie  Point 

(-.00930. 

.80693) 

Tail  Point 

(  .75354. 

-.029101 

LE  Tangency  Point* 

Top 

(-.00245. 

.84641)  Bottom 

(.02058. 

.79270) 

TE  Tangency  Points 

Top 

(  .75848. 

-.01629)  Bottom 

(.74056, 

-.02509) 

Inlet  Angle  * 

66.78992 

Exit  Angle  - 

26.16331 

H 

No.  of  Blades  > 

48 

Pitch  ” 

1.01120 

Toknnce  - 

-.00000 

Gaging- 

.44737 

Unearned  Turning  «■  15.82365 
Gaging  Angle  -  26.25784 


Alee-  .09669 

Axial  Chord-  .77298 


MU  MO.  196 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XX 
FIHST  STAGE  VANE 

Section  B-B  AT  R  -  8.25700 


Percent 

X 

Y 

X 

(Top) 

.00 

-.06257 

.8341(1 

.01 

-.05456 

.84142 

.02 

-.04654 

.84830 

.03 

-0.3853 

.85474 

.04 

,  -.03052 

.86075 

.05 

-.02250 

.86633 

.10 

.01756 

.88811 

.15 

.05762 

.9G005 

.20 

.09769 

.90268 

.25 

.13775 

.89641 

.30 

.17782 

.88157 

.35 

.21788 

.85844 

.40 

.25795 

.82722 

.45 

.29801 

.78807 

.50 

.33808 

.74110 

.55 

.37814 

.68637 

.60 

.41821 

.62397 

.65 

.45827 

.55419 

.70 

.49833 

.47754 

.75 

.53840 

.39466 

.80 

.57846 

.30626 

.85 

.61853 

.21304 

.90 

.65859 

.11569 

.95 

.69866 

.01480 

.98 

.72270 

-.04721 

.99 

.73071 

-.06810 

1.00 

.73872 

-.08910 

LE  Center 

(-.03010, 

.81962) 

TE  Center 

(  .72872, 

-.09094) 

Center  of  Gravity 

( .34803, 

.56220) 

Radial  Reference 

( .39272, 

.57391) 

Gaging  » 

.45160 

Nose  Point 

(-.05742, 

.80207) 

Tail  Point 

(  .73280, 

-.10008) 

Le  Tangency  Points 

Top 

(-.05124, 

TE  Tangency  Points 

Top 

( .73806, 

Inlet  Angle  » 

64.31708 

Exit  Angle  * 

24.64504 

No.  of  Blades  » 

48 

Pitch  « 

1.08084 

Tolerance  » 

-.00000 

Gaging - 

.45160 

Uncovered  Turning  » 

15.51388 

Gaging  Angle  » 

24.69737 

Area  * 

.11027 

Axial  Chord* 

.80129 

(Circle) 


.81962 

.84098 


-.09094 

R  *  .03247 
R  «  .01000 


.84426)  Bottom 

-.08738)  Bottom 


Y 

(Boi) 

.77278 

.77639 

.77972 

.78278 

.78S5S 

.78801 

.79561 

.79465 

.78453 

.76513 

.73683 

.70040 

.65685 

.60728 

.55271 

.49404 

.43203 

.36729 

.30033 

.23155 

.16125 

.06970 

.01711 

-.05637 

-.10083 

-11571 

-.13061 


(-.02405. 
(  .71992. 


(Circle) 


.81962 

.79826 

.79162 

.78827 

.78716 


-.09893 

-.10075 

-.09094 


.78772) 

-.09570) 


UNCLASSIFIED 


TABLE  XXI 
FIRST  STAGE  VANE 


Section  C-C  AT  R*  8.93800 


Percent 

X 

Y 

X 

(Top) 

.00 

-.12505 

.83473 

.01 

-.11667 

.84295 

.02 

-.10830 

.85068 

.03 

-.09992 

.85793 

.04 

-.09154 

.86471 

.05 

-.08317 

.87103 

.10 

-.04129 

.89613 

.15 

.00058 

.91107 

.20 

.04246 

.91654 

.25 

.08434 

.91305 

.30 

.12621 

.90087 

.35 

.16809 

.88014 

.40 

.20996 

.85085 

.45 

.25184 

.81 285 

.50 

.29372 

.76580 

.55 

.33559 

.70921 

.60 

.37747 

.64240 

.65 

.41935 

.56517 

.70 

.46122 

.47809 

.75 

.50310 

.38232 

.80 

.54498 

.27932 

.85 

.58685 

.17049 

.90 

.62873 

.05709 

.95 

.67060 

-.05990 

.98 

.69573 

-.13147 

.99 

.70411 

-.15553 

1.00 

.71248 

-.17968 

LE  Center 

(-.08992. 

.81984) 

TE  Center 

(  .70248. 

-.18137) 

Center  of  Gravity 

( .30845. 

.55052) 

Radial  Reference 

( .39272. 

.57391) 

Gaging  * 

:4507l 

Note  Point 

(-.11867, 

.79965) 

Tail  Point 

( .70624, 

-19064) 

LE  Tangmcy  Points 

Top 

(-.11374. 

TE  Tangency  Points 

Top 

(.71193. 

Inlet  Angle  * 

61.97033 

Exit  Angle* 

22.64833 

No.  of  Blades  » 

48 

Pitch  * 

1.16998 

Tolerance  * 

-.00000 

Gaging* 

.45071 

Uncovered  Turning  * 

16.14165 

Gaging  Angle* 

22.65807 

Area* 

.13286 

Axial  Chord* 

.83753 

(Circle) 

Y 

(But) 

(Circle) 

.81984 

.76671 

.81984 

.84261 

77109 

.79708 

•5 

.78990 

.78617 

.711228 

.78475 

.78534 

.78537 

.79529 

.79583 

.7865S 

.76740 

.73872 

.70118 

.65565 

.60311 

.54453 

.48081 

.41275 

.34104 

.26627 

.18892 

.10940 

.02803 

-.05491 

-.13918 

-.19032  -.18875 

-.20745  -.19124 

-.18137  -22462  -.18137 

R  *  .03513 

R  *  .01000 


.84566)  Bottom  (-.08180.  .78567) 

-.17809)  Bottom  ( .69350.  -.18578) 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXII 
FIRST  STA6E  VANE 


Section  D-D 

AT  R  3  9.61900 

hrcenl 

X 

Y 

(Circle) 

Y 

Circle 

X 

(Top) 

(But) 

.00 

-.18752 

.83706 

.82115 

76343 

.82115 

.01 

-.17879 

.84570 

.84529 

.76825 

.79701 

.02 

-.17005 

.85383 

.77270 

.78932 

.03 

-.16131 

.86147 

.77677 

.78523 

.04 

-.15257 

.86863 

.78047 

.78353 

.05 

-.14383 

.  .87532 

.78378 

.78391 

.10 

-.10015 

.90230 

.79448 

.15 

-.05646 

.91933 

.79522 

.20 

-.01277 

.92729 

78591 

25 

.03092 

.92668 

.76669 

.30 

.07461 

.91777 

.73787 

.35 

.11829 

.90059 

.69997 

.40 

.16198 

.87495 

.65361 

.45 

.20567 

.84045 

.59949 

.50 

.24936 

.79633 

.53834 

.55 

.29305 

.74143 

.47091 

.60 

.33674 

.67395 

.39787 

.65 

.38042 

.59200 

.31988 

.70 

.42411 

.49530 

.23752 

.75 

.46780 

.38550 

.15131 

.80 

.51149 

.26532 

.06172 

.85 

.55518 

.13743 

-.03085 

.90 

.59886 

.00400 

-.12603 

.95 

.64255 

-.13340 

-.22353 

.98 

.66877 

-.21726 

-.28303 

-.28183 

.99 

.67750 

-.24542 

-.30301 

-.28510 

1.00 

.68624 

-.27366 

-.27517 

-.32307 

-.27517 

Lt'  Center 

(-.14981. 

.82115) 

R  =  .03772 

TF.  Center 

<  .67624. 

-.27517) 

R  3  .01000 

Center  of  Gravity 

(.27190. 

.53883) 

Radial  Reference 

(.39272, 

.57391) 

Gaging  * 

.44299 

Nose  Point 

(-.18052, 

.79926) 

Tail  Point 

(  .67964. 

-.28458) 

LE  Tangency  Points 

Top 

(-.17550. 

.84876)  Bottom 

(-.14084. 

.78451) 

TE  Tangency  Points 

Top 

(  .68579. 

-.27222)  Bottom 

(  .66708. 

-.27921) 

Inlet  Angle  3 

61.65043 

Exit  Angle  3 

20.48513 

18 

mm 

No.  of  Blades  = 

48 

Pitch  * 

1.25912 

Tolerance3 

-.00000 

Gaging  3 

.44299 

Uncovered  Turning  3 

17.31866 

Gaging  Angle  3 

20.59899 

Area3 

.16024 

Axial  Chord  3 

.87376 

MM  HO.  199 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXIII 
FIRST  STAGE  VANE 


Section  E-E 

AT  R  *  9.72000 

Itacnl 

X 

V 

(Circle) 

Y 

(Circle) 

X 

(Top) 

(Bot) 

.00 

-J9679 

.83693 

.82079 

.76267 

.82079 

.01 

-.18800 

.  .84557 

.84513 

.76750 

.79645 

.02 

-.17921 

.85371 

.77195 

.78869 

.03 

-.17041 

.86137 

.77602 

.78454 

.04 

-.16162 

.86855 

.77971 

.78281 

.05 

-.15283 

.87529 

.78301 

.78315 

.10 

-.10888 

.90259 

.79365 

■  IS 

-.06492 

.92011 

.79432 

.20 

-.02096 

.92865 

.78496 

.25 

.02300 

.92867 

.76572 

.30 

.06695 

.92039 

.73691 

.35 

.11091 

.90380 

.69900 

.40 

.15487 

.87869 

.65259 

.45 

.19882 

.84459 

.59832 

.50 

.24278 

.80072 

.53689 

.55 

.28674 

.74586 

.46900 

.60 

.33069 

.67810 

.39531 

.65 

.37465 

.59540 

.31646 

.70 

.41861 

.49737 

.23301 

.75 

.46256 

.38565 

.14549 

.80 

.50652 

.26304 

.05436 

.85 

.55048 

.13235 

-.03996 

.90 

.59443 

-.00416 

-.13711 

.95 

.63839 

-.14483 

-.23677 

.98 

.66477 

-.23072 

-.29765 

-.29651 

.99 

.67356 

-.25956 

-.31811 

-.29991 

1.00 

.68235 

-.28849 

-.28998 

-.33866 

-.28998 

LE  Center 

(-.15869. 

.82079) 

R  *  .03809 

TE  Center 

<  .67234. 

-.28998) 

R  *  .01000 

Center  of  Giavity 

(.26614, 

.53715) 

Radial  Reference 

(.39272. 

.57391) 

Gaging* 

.44156 

Note  hint 

(-.18979. 

.79879) 

Tad  hint 

(  .67570. 

-.29940) 

LE  Tangency  hints 

Top 

(-.18457. 

.84874)  Bottom 

(-.14974, 

.78376) 

TE  Tangency  hints 

Top 

(  .68192. 

-.28707)  Bottom 

(  .66317, 

-.29395) 

Inlet  Angle* 

61.80563 

Exit  Angie  » 

20.16326 

■ 

HU 

No.  of  Blades* 

48 

Hack* 

1.27234 

T  l  mu  -  -.00000 

r  44156 


-M«7| 

mm-  *m* 


NM  NO.  200 

UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXIV 
FIRST  STA6E  VANE 


Section  CrG 

ATR*  10.30000 

Nicnt 

X 

Y 

(CUde) 

Y 

(Circle) 

X 

(Top) 

(Bot) 

.00 

-.25000 

.83233 

.81430 

.75547 

JI430 

.01 

-.24090 

.84054 

.83977 

.76000 

.78882 

.02 

-.23180 

.84843 

.76415 

.78064 

.03 

-.22270 

.85601 

.76792 

.77621 

.04 

-.21360 

.86326 

.77132 

.77427 

.05 

-.20450 

.87019 

.77433 

.77444 

.10 

-.15900 

.90006 

.78368 

.15 

-.11350 

.92184 

.78341 

.20 

-.06800 

.93541 

.77353 

.25 

-.02250 

.94053 

.75414 

.30 

.02300 

.93689 

.72543 

.35 

.06850 

.92405 

.68767 

.40 

.11400 

.90145 

.64120 

.45 

.15950 

.86836 

.58642 

.50 

.20500 

.82383 

.52377 

.55 

.25050 

,  .76657 

.45371 

.60 

.29600 

.69488 

.37672 

.65 

.34150 

.60683 

.29328 

;  .70 

.38700 

.50162 

.20385 

1  .75 

.43250 

.38032 

.10890 

.80 

.47800 

.24532 

.00885 

.85 

.52350 

.09948 

-.09589 

90 

.56900 

-.05459 

-.20493 

.95 

.61450 

-.21482 

-.31 792 

.98 

.64180 

-.31324 

-.38747 

-J867I 

.99 

.65090 

-.34636 

-.41093 

-J9094 

1.00 

.66000 

-.37963 

-.38097 

-.43453 

-J8097 

LE  Center 

(-.20979, 

.81430) 

R  =  .04021 

TE  Center 

(  .65000. 

-.38097) 

R  *  .01000 

Center  of  Gravity 

(.23032. 

.52714) 

Redid  Reference 

(.39272. 

.57391) 

Gaging* 

.43382 

Nose  Point 

(-.24356, 

.79247) 

Tail  Point 

(  .65305, 

-.39050) 

IE  Tingency  Points 

Top 

(-.23614, 

.84467)  Bottom 

(-.20170, 

-77491) 

JE  Tingency  Paints 

Top 

(  .65965, 

-.37833)  Bottom 

(  .64068, 

-.38463) 

inlet  Angle  * 

63.72772 

Exit  Angle  * 

18.36435 

■ 

l*lo.  of  Blades  « 

48 

fttch  » 

1.34827 

Tolerance* 

-.00000 

Gaging  * 

.43382 

Uncovered  Turning  * 

17.01983 

Gaging  Angle* 

18.76954 

Area  * 

.19253 

Axial  Chord  * 

.91000 

MM  NO.  201 


UNCLASSIFIED 


UNCLASSIFIED 


TMLEXXV 
FIRST  STASE SLAOE 


Section  F-F  AT  R*  7.53750 


hrcent 

X 

Y 

(Circle) 

Y 

(Circle) 

X 

(Top) 

(Bot) 

.00 

.00000 

.24684 

.24190 

.19366 

.24190 

.01 

.00598 

.25824 

.20009 

.22760 

.02 

.01196 

.26918 

.20632 

.22354 

.03 

.01794 

.27971 

.21237 

.22194 

.04 

.02392 

.28983 

.21822 

.22220 

.03 

.02990 

.29957 

.22389 

.22439 

.10 

.05980 

.34289 

.24946 

.13 

.08970 

,  .37825 

.27052 

.20 

.11960 

.40661 

.28719 

.23 

.14950 

.42859 

.29957 

.30 

.17940 

.44461 

.30771 

.33 

.20930 

.45493 

.31165 

.40 

.23920 

.45969 

.31143 

.45 

.26910 

.45890 

.30703 

.50 

.29900 

.45246 

.29844 

.53 

.32890 

.44016 

.28561 

.60 

.35880 

.42162 

.26847 

.65 

.38870 

.39629 

:24693 

.70 

.41860 

.36334 

.22087 

.75 

.44850 

.32168 

.19013 

.80 

.47840 

.27094 

.15454 

.85 

.50830 

.21196 

.11385 

.90 

.53820 

.14639 

.06779 

.93 

.56810 

.07591 

.01601 

.98 

.58604 

.03186 

-.01798 

-.00990 

.99 

.59202 

.01694 

-.02981 

-.00921 

1.00 

.59800 

.00191 

-.00002 

-.04191 

-.00002 

LE  Center 

(.02007. 

.24190) 

R  *  .02007 

TE  Center 

(.58794, 

-.00002) 

R*. 01006 

Center  of  Gravity 

(.29568, 

.31137) 

Radial  Reference 

(.29568, 

.31137) 

Gaging* 

.22431 

Noae  Point 

(.00868, 

.22537) 

Tail  Point 

(.59204, 

-.00920) 

LE  Tangency  Point! 

Top 

(.00230, 

.25123)  Bottom 

(.03312, 

.22664) 

TE  Tangency  hint* 

Top 

(.39729, 

.00370)  Bottom 

(.57904, 

-.00471) 

Inlet  Angle* 

'  38.58149 

Exit  Angle* 

24.76439 

■ 

No.  of  Blades* 

90 

Pitch - 

.52622 

Tolerance* 

.00000 

Gaging* 

.22431 

Uncovered  Turning  *  19.20171 

Gaging  Angle  *  23.23070 

Area*  .07079 

Axial  Chord  *  .39*00 


«««  no.  202 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXVI 
FIRST  STAGE  BLADE 


Section  A-A  AT  R  *  7.69000 


fercent 

X 

Y 

(Circle) 

Y 

(Circle) 

X 

(Topi 

(Hot) 

.00 

.00289 

.25940 

.25439 

.20641 

.25439 

.01 

.00884 

.27060 

.21277 

.24013 

.02 

.01479 

28135 

.21894 

23606 

.03 

.02075 

.29167 

.22492 

23444 

04 

.02670 

30158 

.23070 

.23467 

.05 

.03265 

31110 

.23630 

.23681 

.10 

06241 

.35328 

.26143 

.15 

.09217 

.38746 

.28193 

.20 

.12193 

.41460 

.29791 

25 

.15169 

.43536 

30946 

.30 

18145 

.45018 

.31665 

.35 

.21122 

45931 

.31954 

.40 

.24098 

.46289 

.31814 

.45 

.27074 

.46095 

.31244 

• 

.50 

.30050 

.45339 

.30246 

.55 

.33026 

.43997 

.28816 

.60 

.36002 

.42034 

26951 

.65 

.38978 

.39391 

24645 

.70 

.41954 

.35983 

.21892 

.75 

.44930 

.31711 

.18682 

HO 

47906 

.26556 

.15003 

.85 

.50882 

20609 

.10840 

.90 

.53859 

.14031 

.06173 

.95 

.56835 

.06983 

.0098 1 

.98 

.58620 

.02585 

-.02398 

-.01584 

.99 

.59216 

.01096 

-.03570 

-.01513 

1.00 

.59811 

•00403 

-.00595 

-.04765 

-.00595 

LE  Center 

(02296, 

.25439) 

R  =  .02008 

TE  Center 

(.58805. 

-.00595) 

R  -  .01006 

Center  of  Gravity 

(.29803. 

.31324) 

Radiol  Reference 

(.29568. 

.31137) 

Gafin*  * 

.22875 

Now  Point 

(.01149. 

.23792) 

Tail  Point 

(.59216, 

-.015131 

LE  Tanfenev  Points 

Top 

(.00524. 

.26381)  Bottom 

(.03592. 

.23906) 

TE  Tanfency  Points 

Top 

(.59740. 

-.00224)  Bottom 

(.57916. 

-.01065) 

Inlet  Angle  ■ 

38.90183 

Exit  Angle  « 

24.75265 

No.  of  Blades  * 

90 

Pitch  - 

.53686 

Tolerance  * 

.00000 

Gaging  - 

.22875 

Uncovered  Turning  * 

19.09236 

Gaging  Angle  - 

25.21931 

Area* 

.06932 

Axial  Chord  » 

.59522 

MSI  MO.  203 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXVII 
FIRST  STAGE  BLADE 

Section  B-B  AT  R  *  8.35560 


Percent 

X 

Y 

(Circle) 

V 

(Circlet 

X 

(Topi 

(Hot) 

.00 

.01550 

.31316 

.30800 

.26023 

.  30800 

.01 

02133 

.32377 

26653 

29384 

.02 

.02716 

.33386 

.27260 

.28975 

.03 

.03299 

.34348 

.27845 

.28806 

.04 

.03882 

.35264 

.28406 

.28815 

.05 

.04465 

.36136 

.28945 

.29004 

.10 

.07380 

.39915 

.31306 

.15 

.10295 

.42845 

33121 

.20 

.13211 

.45050 

.34404 

.25 

.16126 

.46608 

.35171 

.30 

.19041 

.47570 

.35434 

.35 

.21956 

.47967 

.35208 

.40 

.24871 

.47817 

.34505 

.45 

.27786 

.47122 

.33337 

.50 

.30702 

.45875 

.31718 

.55 

.33617 

.44053 

.29659 

.60 

.36532 

.41617 

.27171 

.65 

.39447 

.38506 

.24264 

.70 

.42362 

.34635 

.20949 

.75 

.45278  . 

.29948 

.17238 

.80 

.48193 

.24484 

.13138 

.85 

.51108 

.18356 

.08662 

90 

.54023 

.11707 

03816 

95 

.56938 

.04668 

-.01390 

.98 

.58687 

.00301 

-.04682 

-03839 

99 

.59270 

•01175 

-.05807 

-.03760 

1.00 

.59853 

•02659 

-.02849 

-.06946 

-.02849 

LE  Center 

(.03560. 

.30800) 

R  *  .02010 

TE  Center 

(.58850. 

-.02849) 

R  *  .01003 

Center  of  Gravity 

(.30834. 

.32127) 

Radial  Reference 

(.29568. 

.31137) 

Gaging* 

.24775 

No*e  Point 

(.02392. 

.29164) 

Tail  Point 

(.59260, 

-.03765) 

LE  Tangency  Point* 

Top 

(.01798. 

.31768) 

Bottom 

(.04825. 

■  h-v’ 

TE  Tangency  Point* 

Top 

(.59784, 

-.02482) 

Bottom 

(.57964. 

Inlet  Angle  »  39.89523 

Exit  Angle  *  24.71229 


No.  of  Blades  *  90 

Pitch »  .58333 

Tolennce *  .00000 

Gaging  -  .24775 

Uncovered  Turning  *  19.07593 

Gaging  Angle*  25.13289 

Area-  .06429 

Axial  Chord*  .58303 


naan  mo.  204 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXVIli 
FIRST  STAGE  BLADE 


Sacitoa  C-C 

AT  R  * 

9  17380 

Percent 

X 

Y 

(Circle) 

Y 

(Circle) 

X 

tfon* 

(But) 

INI 

.03100 

.37881 

.37360 

.32431 

.37360 

01 

.03668 

.38908 

.33097 

.35957 

<2 

.04236 

.39868 

.33731 

.5546 

Jl 

.04804 

.40767 

.34333 

.3  5  367 

.04 

.05372 

.41610 

.34903 

.35359 

:os 

.05940 

.42401 

.35441 

.355 18 

.10 

.08780 

.45676 

.37671 

15 

.11620 

.48020 

.39170 

20 

.14460 

.49606 

.39986 

.25 

.17300 

.50538 

.40166 

30 

.20140 

.50881 

.39754 

.35 

.22980 

.50674 

.38791 

.40 

.25820 

.49938 

.37319 

.45 

.28660 

.48677 

.35373 

.50 

.31500 

.46882 

.32990 

.55 

.34340 

.44526 

.30200 

.60 

.37180 

.41562 

.27034 

.65 

.40020 

.37916 

.23520 

.70 

.42860 

.33524 

.19684 

.75 

.45700 

.28395 

15548 

.80 

.48540 

.22613 

.11134 

.85 

.51380 

.16299 

.06463 

.90 

.54220 

.09578 

.01553 

.95 

.57060 

.02552 

-.0358(1 

.98 

.58764 

-.01777 

-.06760 

-.05881 

.99 

.59332 

-.03235 

-.07836 

-.05791 

1.00 

.59900 

-.04701 

-.04888 

-.08920 

-.04888 

' ''  Center 

(.05118, 

.37360) 

R  =  .02018 

'’enter 

(.58898, 

-.04888) 

R  =  .01002 

Center  of  Gravity 

(.32150, 

.33117) 

Radial  Reference 

(.29568, 

.31137) 

Gaging  * 

.26941 

Now  Point 

(.03954, 

.35712) 

Tail  Point 

(.59307, 

-.05803) 

LE  Tangency  Points 

Top 

(.03352. 

.38337)  Bottom 

(.06364. 

.35773) 

TE  Tangency  Points 

Top 

(.59832, 

-.04526)  Bottom 

(.58105. 

-.05361) 

Inlet  Angle  ■ 

40.40195 

Exit  Angle  « 

24.68435 

B 

No.  of  Blades  « 

90 

Pitch  * 

.64045 

Tolerance  * 

.00000 

Gaging  » 

.26941 

Uncovered  Turning  » 

19.01534 

Gaging  Angle  * 

24.87597 

Area  * 

.06084 

Axial  Chord  » 

.56800 

MO*  NO.  205 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXIX 
FIRST  STAGE  BLADE 


Section  D-D 

AT  R  3  9 

>1)0 

Percent 

X 

Y 

(Circle) 

Y 

(Circle) 

X 

(Topi 

(But) 

.00 

.04650 

.44895 

44355 

.39364 

44355 

.01 

.05203 

.45859 

.40049 

.42964 

.02 

.05756 

46736 

.40693 

.42551 

.03 

.06309 

.47536 

.41296 

.42363 

.04 

.06862 

48269 

.41860 

.42339 

.OS 

.07415 

.48942 

.42384 

.42470 

.10 

.10180 

51564 

.44425 

IS 

.12945 

.53232 

.45548 

20 

.15710 

.54165 

.45826 

.25 

.18475 

.54484 

.45341 

.30 

.21240 

54260 

.44176 

.35 

.24005 

.5  31 

.42413 

.40 

.26770 

.52312 

.40127 

.45 

29535 

.50603 

.37386 

.50 

.32300 

.48382 

.34249 

.55 

.35066 

.45604 

.30771 

.60 

.37831 

.42191 

.26995 

.65 

.40596 

.38049 

.22962 

.70 

43361 

.33157 

.18703 

.75 

.46126 

.27590 

.14249 

.80 

.48891 

.21479 

.09623 

.85 

.51656 

.14960 

.04846 

.90 

.54421 

.08146 

-.00063 

.95 

.57186 

.01119 

-.05090 

.98 

.58845 

-.03175 

-.08157 

-.07243 

99 

59398 

-.04616 

-09187 

-.07143 

1.00 

.59951 

-.06063 

-.06247 

-.10221 

-.06247 

LE  Center 

(.06675, 

.44355) 

R  3  .02025 

TE  Center 

(.58950, 

-.06247) 

R  «  .01001 

Center  of  Gravity 

(.33674, 

.34107) 

Radial  Reference 

(.29568. 

.31137) 

Gaging  « 

.28782 

Now:  Point 

(.05494, 

.42710) 

Tail  Point 

(.59358, 

-.07161) 

LE  Tangcncy  Point* 

To? 

(.04918. 

.45363)  Bottom 

(.07878. 

.42726) 

TE  Tangcncy  Point* 

Top 

(.50885. 

-.05890)  Bottom 

(.58070. 

06724) 

Inlet  Angle  » 

41.69758 

Exit  Angle  * 

24.66691 

n  '  ; 

ASSSFiPO  1 

No.  of  Blades  » 

90 

Pitch  « 

.69757 

Tolerance  3 

.00000 

Gaging  * 

28782 

Lncovered  Turning  - 

19.08049 

Gaging  Angle  « 

24.36859 

Area  » 

.05834 

Axial  Chord  * 

.55301 

WOB  NO.  206 

UNCLASSIFIED 


UNCLASSIFIED 


TASLE  XXX 
FIRST  STAGE  BLADE 


Section  E-E 

AT  R  - 

10.35000 

Percent 

X 

Y 

(Circle) 

Y 

(Circle) 

X 

(Top) 

(Hot) 

.00 

.05328 

.47913 

.47346 

.42631 

.47346 

.01 

.05875 

.48811 

.43244 

.4596 3 

.02 

.06421 

.49628 

.43825 

.45549 

.03 

.06968 

.50375 

.44373 

.45359 

.04 

.07514 

,  .51059 

.44888 

.45329 

.05 

.08061 

.31685 

.45371 

.45451 

.10 

.10793 

.54112 

.47293 

.15 

.13525 

.55603 

.48392 

.20 

.16257 

.56356 

.466S8 

.25 

.18990 

.56479 

.48079 

.30 

.21722 

.56039 

.46682 

.35 

.24454 

.55072 

.44559 

.40 

.27186 

.53595 

.41844 

.45 

.29918 

.51608 

.38660 

.50 

.32651 

.49094 

.25106 

.55 

.35383 

.46015 

.31256 

.60 

.38115 

.42306 

.27164 

.65 

.40847 

.37905 

.22872 

.70 

.43580 

.32818 

.18414 

.75 

.46312 

.27128 

.13817 

.80 

.49044 

.20958 

.09101 

.85 

.51776 

.14426 

.04284 

.90 

.54509 

.07628 

-.00619 

.95 

.57241 

.00635 

-.05596 

.98 

.58880 

-.03634 

-.08614 

-.07684 

.99 

.59427 

-.05066 

-.09625 

-.07579 

1.00 

.59973 

-.06504 

-.06688 

-.10637 

-.0(688 

LE  Center 

(.07352. 

.47346) 

R  *  .02023 

TE  Center 

(.58972. 

-.06688) 

R  »  .01001 

Center  of  Gravity 

(.34318. 

.34547) 

Radial  Reference 

(.29568. 

.31137) 

Gaging  - 

.29638 

Note  Point 

(.06119, 

.45742) 

Tail  Point 

(.59380, 

-.07601) 

LE  Tangency  Pointi 

Top 

(.05624. 

.483981  Br  (.an 

(.08516. 

.45691) 

TE  Tangency  Points 

Top 

(.59908, 

-.063321  B  (torn 

(.58093. 

-.07165) 

Inlet  Angle  ■ 

43.10744 

Exit  Angle  ■ 

24.66352 

No.  of  Blades  • 

90 

Pitch  » 

.72257 

Tolerance  9 

.00000 

Gaging  » 

.29638 

Uncovered  Turning  * 

18.50842 

Gaging  Angle  " 

24.21622 

Aim  *  .05635 

Axial  Chord  -  .54645 


MU  NO.  207 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXXI 
FIRST  STAGE  BLASE 

Section  G-G  AT  R  -  10.81000 


Percent 

X 

Y 

(Circle) 

Y 

(Cirde) 

X 

(Top) 

(But) 

.00 

.06200 

.51659 

.51025 

.47034 

-5 1 025 

.01 

.06738 

.52426 

.47461 

•496S7 

.02 

.07276 

.53143 

.47880 

.49246 

.03 

.07814 

.53814 

.48288 

.49055 

04 

.08352 

.54439 

.48687 

.49021 

.05 

.08890 

.55020 

.49075 

.49135 

.10 

.11580 

.57333 

.50807 

.15 

.14270 

.58764 

.52064 

.20 

.16960 

.59422 

.52604 

.25 

.19650 

.59383 

.52162 

.30 

.22340 

.58698 

.50596 

.35 

.25030 

.57404 

.48007 

.40 

.27720 

.55520 

.4465 1 

.45 

.30410 

.53058 

.40781 

.50 

.33100 

-50017 

.36577 

.55 

.35790 

.46388 

.32155 

.60 

.38480 

.42166 

.27587 

.65 

.41170 

.’7375 

.22917 

.70 

.43860 

.32066 

.18174 

.75 

.46550 

.26307 

.13379 

.80 

.49240 

.20170 

.08543 

.85 

.51930 

.13723 

.03676 

.90 

54620 

.07023 

-.01216 

573(0 

.00118 

-.06126 

.98 

58924 

-.04106 

-.09080 

-.08131 

.99 

S'Mf  -t 

-.05525 

-.10066 

-.08020 

1.00 

.6ll' 

-.0695 1 

-.07133 

-.11052 

-.07133 

LE  Center 

(  08208 

.510251 

R  *  .02008 

TE  Center 

•  59000 

-.07133) 

R  =  .01000 

Center  of  Gravity 

■'  M2 

.35097) 

Radial  Reference 

t  :it  ■ 

.31137) 

Gaging  * 

.30683 

Nose  Point 

(.06847, 

19548 

Tail  Point 

(.59407, 

■  >4' 

LE  Tangency  Points 

Top 

(.(*•564. 

i:  : 

16. 

.49336) 

TE  Tangency  Points 

Top 

(.59935. 

K.  ■  . 

-.07613) 

Inlet  Angle  * 

46.13427 

Exit  Angle  ■ 

24.66373 

HI 

No.  of  Blades  »  90 

Pitch  »  .75468 


Tolerance  »  .00000 

Gaging  »  .30683 

Uncovered  Turning  *  17.00699 
Gaging  Angle  »  23.98976 

Area-  .05266 

Axial  Chord  •  .53800 


PAOC  NO.  208 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXXII 
SECOND  STASE  VANE 


Section  F-F 

AT  R  -  7.5000 

Percent 

X 

Y 

(Circle) 

Y 

(Circle) 

X 

(Top) 

(Bor) 

.00 

.00000 

.43107 

.42615 

.37900 

.42616 

.0! 

.00832 

.44694 

.38736 

.40995 

.02 

.01664 

46171 

.39553 

.40648 

.03 

.02496 

.47550 

.40352  ' 

.40684 

.04 

.03328 

.48840 

.41130 

.41120 

.05 

.04160 

.50047 

.41889 

.10 

.08320 

.55046 

.45353 

.15 

.12480 

.58652 

.48207 

.20 

.16640 

.61158 

.50365 

.25 

.20800 

.62738 

.51752  , 

.30 

.24960 

.63502 

.52314 

.35 

.29120 

.63520 

.52028 

.40 

.33280 

.62837 

.50906 

.45 

.37440 

.61474 

.48993 

.50 

.41600 

.59436 

.46358 

.55 

.45760 

.56712 

.43084 

.60 

.49920 

.53271 

.39257 

.65 

.54080 

.49061 

.34961 

.70 

.58240 

.44008 

30270 

.75 

.62400 

.38100 

.25247 

.80 

.66560 

.31435 

.19948 

.85 

.70720 

.24176 

.14417 

90 

.74880 

.16478 

.08691 

.95 

.79040 

.08468 

.02802 

.98 

.81536 

.03551 

-.00799 

-.00749 

.99 

.82368 

.01897 

-.02009 

-.00986 

1.00 

.83200 

.00236 

-.00000 

-.03225 

-.00000 

Lfc  Center 

(.01996, 

.426161 

R  =  .01996 

TE  Center 

(.82200. 

-.00000) 

R  »  .01000 

Center  of  Gravity 

(.41436. 

.44106) 

Radial  Reference 

(.41436, 

.44106) 

Gaging  » 

.37933 

Nose  Point 

(.00856. 

.40977) 

Tail  Point 

(.82701. 

-.00866) 

LE  Tangency  Points 

Top 

(.00228. 

.43543)  Bottom 

(.03340. 

.41141) 

TE  Tangency  Points 

Top 

(.83094. 

.00448)  Bottom 

(.81378. 

-.005701 

inlet  Angle  - 

37.66198 

■ 

Exit  Angle  * 

30.66686 

■ 

No.  of  Blades  * 

62 

Pitch  * 

.76006 

Tolerance  * 

-.00000 

Gaging  * 

.37933 

Uncovered  Turning  * 

16.16284 

Gaging  Angle  » 

29.93923 

Area- 

.09004 

Axial  Chord  « 

.83200 

m«i  no.  209 


UNCLASSIFIED 


UNCLASSIFIED 


TMLE  XXXIII 

SC8M  STA6E  VANE 


Section  A-A 

AT  R- 7.6500 

hicm 

X 

Y 

(CiKte) 

Y 

(Circto) 

X 

(Top) 

(Bot) 

.00 

-.00826 

.43686 

.43176 

.38420 

.43176 

.01 

.00009 

.45247 

.39249 

.41533 

.02 

.00845 

.46705 

.40059 

.41176 

.03 

.01681 

.48060 

.40849 

.41199 

.04 

.02516 

.49345 

.41620 

.41622 

.05 

.03352 

.50542 

.42371 

.10 

.07531 

.55508 

.45789 

.15 

.11709 

.59092 

.48588 

.20 

.15888 

.61573 

.50683 

.25 

.20067 

.63120 

.52000 

.30 

.24245 

.63841 

.52484 

.35 

.28424 

.63806 

.52113 

.40 

.32603 

.63057 

.50898 

.45 

.36781 

.61618 

.48883 

JO 

.40960 

J9493 

.46139 

.55 

.4513* 

.42748 

.60 

.49317 

J3I13 

.38798 

.65 

.53496 

.4*772 

.34370 

.70 

J7674 

<  572 

.29541 

.75 

.61853 

.37502 

.24376 

.80 

.66032 

.18929 

.85 

.70210 

J32I7 

.13246 

.90 

.74389 

.15320 

.07366 

.95 

.78568 

.07099 

.01319 

.98 

.81075 

.02050 

-.02378 

-.02327 

.99 

.81910 

.00352 

-.03621 

-.02572 

1.00 

.82746 

-.01354 

-.01586 

-.04869 

-.01586 

LE  Center 

(.01206. 

.43176) 

R  -  .02033 

TE  Center 

(.81746. 

-.01586) 

R  -  .01000 

Center  of  Gravity 

(.40910. 

.43863) 

Radial  Reference 

(.41436. 

.441061 

Gam* 

.38168 

Note  Point 

(.00032. 

.41517) 

Tail  font 

(.82239. 

-.02456) 

LE  Taagency  Mali 

Top 

(-.00586. 

.441 36)  Bottom 

(.02565. 

.41663) 

TE  Tanfency  Point* 

Top 

( .82644. 

-.01 146)  Bottom 

(.80918. 

-.02147) 

Inlet  Angle  * 

38.12138 

Mi 

Exit  Angle- 

30.12342 

■ 

No.  of  Blade*  • 

62 

Pitch  - 

.77526 

Tolerance  ■ 

-.00000 

Gagin* - 

.38168 

Uncovered  Turning  ■ 

16.19122 

Gaging  Angle- 

29.49366 

Ana  *  .0919* 

Axial  Chord  .83573 


MM  no.  210 

UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XXXIV 
SECOND  STAGE  VANE 


Section  B-B 

AT  R  *  1 

8.48630 

htccnl 

X 

3 

(Circle) 

Y 

(Circle) 

X 

ll  -|0 

(Bot) 

.00 

-.05434 

4  - 

.46606 

.41826 

.46606 

.01 

-.04578 

' 

.42569 

.44841 

.02 

-.03721 

i  - 

.43292 

.44424 

03 

-.02865 

•  1  1  U 

.43996 

.44383 

.04 

-.02008 

5  22i 

.44678 

.44694 

OS 

-.01152 

5335  3 

.45339 

.10 

.03131 

.579  4 

.48302 

.IS 

.07413 

.61339 

.50633 

.20 

.11696 

.63682 

.52253 

.25 

.15978 

.65098 

.53093 

.30 

.20261 

.65664 

.53100 

.35 

.24543 

.65428 

.52248 

.40 

.28826 

.64418 

50543 

.45 

.33108 

.62646 

.43019 

.50 

.37391 

.60105 

.44735 

.55 

.41673 

.56773 

.40765 

.60 

.45956 

.52610 

.36188 

.65 

.5023* 

.47547 

.31087 

.70 

.54521 

.41513 

.25534 

.75 

.58803 

.34512 

.19598 

.80 

.63086 

.26653 

.13337 

.85 

.67368 

.1*09(1 

.06800 

.90 

.71651 

.0901 2 

.oo(t3t) 

.95 

.75933 

-.00469 

.06940 

.98 

.78503 

-.06302 

11204 

-.11151 

.99 

.79359 

-  05i26  ’ 

-  1 2638 

-.11439 

1.00 

.80216 

-  #  >’4l 

(0449 

14078 

-.10449 

LE  Center 

<-:03l87. 

46606# 

»  -  0224- 

TE  Center 

(  .79216. 

-  10449) 

a « 

Center  of  Gravity 

1.38080. 

425061 

Radial  Reference 

(.41436. 

.441061 

Gaging  * 

.39137 

Nose  Point 

(-.04621. 

.44876) 

Tail  Point 

(  .79665. 

-.11342) 

LE  Tangency  Points 

Top 

(-.050*8. 

.47*05)  Bottom 

(-.01814. 

.44828) 

TE  Tangency  Points 

Top 

(  .80133. 

-.10050)  Bottom 

(  .78359. 

-.10965) 

Inlet  /.ngle  ■ 

42.28695 

Exit  Angle  * 

27.26412 

■ 

No.  of  Blades  * 

62 

Pitch  » 

.86002 

Tolerance  » 

-.00000 

Gaging  » 

.39137 

Uncovered  Turning  * 

16.52136 

Gaging  Angle  « 

27.06930 

Area  » 

.10475 

Axial  Chord  ■ 

.85650 
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TAILE  XXXV 
SECOND  STAGE  VANE 


Section  C-C  A  t  K  •  9.47250 


Percent 

X 

Y 

(Circle) 

Y 

(Circle) 

X 

(Top) 

(Bot) 

.00 

-.10868 

.52464 

.51547 

.47084 

51547 

.01 

-.09987 

.  .53503 

.47656 

.49643 

.02 

-.09106 

.54502 

.48210 

.49160 

.03 

-.08225 

.55461 

.48744 

.49053 

.04 

-.07344 

.56381 

.49258 

.49269 

.05 

-.06463 

.57263 

.49751 

.10 

-.02058 

.61110 

.51883 

.15 

.02347 

.64056 

.53411 

.20 

.06752 

.66135 

54264 

.25 

.11157 

.67373 

.54381 

.30 

.15562 

.67781 

53711 

.35 

.19967 

.67363 

.52224 

.40 

.24372 

.66111 

.49911 

.45 

.28777 

.64009 

.46790 

.50 

.33182 

.61030 

.42898 

55 

.37587 

.57132 

.38292 

.60 

.41992 

.52259 

.33036 

>65 

.46397 

.46336 

.27202 

.70 

.50802 

.39298 

.20859 

.75 

.55207 

.31178 

.14073 

.80 

.59612 

.22102 

.06903 

.85 

.64017 

.12242 

-.00597 

.90 

.68422 

.01771 

-.08383 

.95 

.72827 

-.09165 

-.16413 

.98 

.75470 

-.15901 

-.21334 

-.21287 

.99 

.76351 

-.18171 

-.22990 

-.21631 

1.00 

.77232 

-.20452 

-.20638 

-.24654 

-.20638 

L£  Center 

(-.08369, 

.51547) 

R  «  .02499 

TF.  Center 

(  .76232, 

-.20638) 

R  *  .01000 

Center  of  Gravity 

(.34749. 

.40907) 

Radial  Reference 

(.41436, 

.44106) 

C«Si«8« 

.40189 

Nose  Point 

(-.10230. 

.498791 

Tail  Point 

(  .76640. 

-.21551) 

LE  Tangcncy  Point* 

Top 

(-.10275. 

.53164)  Bottom 

(-.07149, 

.49367) 

TE  Tangcncy  Points 

Top 

(  .77165, 

-.20278)  Bottom 

(  .75351, 

-.21112) 

Inlet  Angle  « 

50.54000 

" 

Exit  Angle  ■ 

24.67797 

No.  of  Blades  * 

62 

Pitch  » 

.95996 

Tolerance  » 

-.00000 

Gaging  - 

.40189 

Uncovered  Turning  • 

16.38115 

Gaging  Angie  • 

24.74958 

Aren  - 

.12101 

Axial  Chord  - 

.88100 
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TAILE  XXXVI 
SECOND  STAGE  VANE 


SactioA  D-D 

AT  R  >  10.46000 

Pm  cent 

X 

Y 

(Circle) 

Y 

(Circle) 

X 

(Top) 

(But) 

.00 

-.16309 

.59157 

.57965 

.53641 

.57965 

.01 

-.15403 

.60006 

.54101 

.55925 

.02 

-.14498 

.60821 

.54540 

.55379 

.03 

-.13592 

.61603 

.54956 

.55214 

.04 

-.12687 

.62353 

.55  349 

.5535S 

.05 

-.11781 

.63069 

.55719 

.10 

-.07254 

.66161 

.57195 

.15 

-.02726 

.68436 

.57997 

.20 

.01802 

.69894 

.58059 

.25 

.06329 

.70529 

.S7324 

.30 

.10857 

.70331 

.55755 

.35 

.15385 

.69281 

.53336 

.40 

.19912 

.67357 

.50077 

.45 

.24440 

.64530 

.46010 

.50 

.28968 

.60760 

.41188 

.55 

.33495 

.56001 

.35675 

.60 

.38023 

.50192 

.29543 

.65 

.42551 

.43265 

.22865 

.70 

.47078 

.35203 

.15708 

.75 

.51606 

.26087 

.08138 

.80 

.56134 

.16069 

.00209 

.85 

.60661 

.05324 

-.08028 

.90 

.65189 

-.05987 

-.16330 

.95 

.69717 

-.17730 

-.25260 

.98 

.72433 

-.24940 

-.30595 

-.30569 

.99 

.73339 

-.27367 

-.32388 

-30979 

1.00 

.74244 

-.29804 

-.29984 

-.34188 

-29984 

LE  Center 

(-.13558. 

.57965) 

R  =  .0275 1 

TE  Center 

(  .73244. 

.29984) 

R  =  .01000 

Center  of  Gravity 

(  .30914. 

.39305) 

Radial  Reference 

(  .41436. 

.44106) 

Gaging  » 

.42673 

Now  Point 

(-.15809. 

.56383) 

Tail  Point 

(  .73637, 

-.30903) 

LE  Tangency  Points 

Top 

(-.15439. 

.59972)  Bottom 

(-.12518. 

.55418) 

TE  Tangency  Points 

Top 

(  .74182, 

-.29635)  Bottom 

(  .72353. 

-.30437) 

Inlet  Angle  * 

57.32598 

Exit  Angle  * 

23.68411 

No.  of  Blades  » 

62 

Pitch  * 

1.06003 

Tolerance  * 

-.00000 

Gaging  - 

.42673 

Uncovered  Turning  » 

15.36695 

Gaging  Angle  * 

23.73858 

Area  * 

.13017 

Axial  Chord  ■ 

.90553 
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TABLE  XXXVII 
SECONO  STAGE  VANE 

Section  E-E  AT  R  *  10.86000 


Percent 

X 

V 

(Circle) 

Y 

(C  trcle) 

X 

(lop) 

(Bott 

.00 

-.18513 

.61763 

.60465 

.56120 

.60465 

.01 

-.17597 

.62564 

.62559 

.56561 

,58372 

.02 

-.16682 

.63332 

56975 

.57802 

.0} 

-.15766 

.64068 

.57363 

.57615 

.04 

-.14851 

.64772 

.57725 

.57731 

.05 

-.13935 

.65444 

.58059 

.10 

-.09358 

.68318 

.59302 

.15 

-.04781 

.70380 

.59792 

.20 

-.00203 

.71615 

.59478 

.25 

.04374 

.72009 

58324 

.30 

.08951 

.71539 

5631  ! 

.35 

.13529 

.70184 

.53443 

.40 

.18106 

.67916 

.49744 

.45 

.22683 

.64702 

.45255 

SO 

.27261 

.60509 

.40036 

55 

.31838 

.55295 

34153 

M) 

.36415 

.49011 

.27675 

.65 

.40993 

.41611 

.20672 

.70 

.45570 

.33103 

.13208 

.75 

.50147 

.23583 

.05342 

.80 

.54725 

.13202 

-.02873 

.85 

.59302 

.02123 

11391 

.90 

63879 

-.09503 

.20173 

.95 

.68457 

-.21555 

.29184 

.98 

.71203 

-.28950 

-.34689 

-.34671 

.99 

.72119 

-.31438 

-.36539 

.35111 

1.00 

.73034 

-.33937 

-.34114 

-.38396 

-.34114 

LE  Center 

(-.15661. 

60465) 

K  *  .02852 

TE  Center 

<  .72034. 

-.34114) 

R  *  01000 

Center  of  Gravity 

(.29130, 

.38652) 

Radiil  Reference 

(.41436. 

.44106) 

Gaging  = 

.43602 

Noe  Point 

(-.18049. 

.58906) 

Tail  Point 

<  .72422. 

-.35036) 

LE  Tangency  Points 

Top 

(-.17494. 

62650)  Bottom 

(-.14683. 

.57786) 

TE  Tangency  Point* 

Top 

(  .72973. 

-.33770)  Bottom 

(  .71139. 

-  34561) 

Inlet  Angle  3 

59.97635 

Exit  Angle  * 

23.31807 

KB 

No.  of  Blade*  « 

62 

Pitch* 

1.10057 

Tolerance  = 

.00000 

Gaging  = 

.43602 

Uncovered  Turning  = 

14.69557 

Gaging  Angle  * 

23.33963 

Area* 

.13553 

Axial  Chord  * 

.91547 
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TABLE  XXXVIII 
SECOND  STAGE  VANE 


Section  H-H 

AT  R  = 

11.41000 

ftrcent 

X 

Y 

(Circle* 

Y 

(Circle) 

X 

(Topi 

(But* 

.00 

-.21543 

.65025 

63591 

.59147 

.63591 

01 

-.20614 

65777 

.65758 

.59584 

.61424 

.02 

-.19685 

66404 

.59985 

.60823 

.0} 

-.18756 

6’14: 

.60352 

.60607 

.04 

-.17827 

6*X*« 

.60683 

60689 

.05 

-.16848 

684f 

.60978 

.10 

-.12252 

711*2 

61911 

15 

-07606 

7  5041 

.61925 

.20 

-.02961 

.74060 

61018 

.25 

.01685 

74184 

59201 

.30 

.06331 

.733*5 

.56502 

.35 

10976 

.71599 

.52961 

.40 

.15622 

.68822 

.48627 

.45 

.20268 

.65014 

.43557 

.50 

.24913 

.60151 

.37813 

.55 

.29559 

.54211 

.31456 

.60 

.34205 

.47180 

.24544 

.65 

.38850 

.39059 

17136 

.70 

.43496 

.29898 

.09284 

j 

.  .75 

.48142 

.19804 

.01035 

1 

.HO 

.52787 

.08908 

-.07566 

.85 

.574  33 

-.02656 

-.16482 

.90 

.62079 

-.1476  2 

-.25677 

.95 

.66724 

-.27  305 

-.35121 

.98 

69512 

-.35(815 

-.40H96 

-.40887 

.99 

.70441 

-.37597 

-.42838 

-41371 

1.00 

.71370 

-40200 

-.40.374 

-.44788 

-.40374 

I>  Center 

(-.18552. 

.635911 

R  =  .02991 

Tl!  Center 

(  .70370. 

-40374* 

R  -  .01000 

Center  of  Gravity 

1.26463. 

.37765* 

Radial  Reference 

(.41436. 

.441061 

Gaging  « 

.44578 

None  Point 

(-.21110. 

.62041* 

Tail  Point 

(  .70748, 

-.41299* 

! 

1.1  Tangency  Points 

Top 

(-.20388. 

.65953*  Bottom 

(-.17646. 

.60740* 

TF  Tangency  Points 

Top 

( .71312. 

-.40037)  Bottom 

(  .69469. 

408081 

| 

Inlet  Angle  * 

62.25150 

F.xit  Angle  * 

22.70245 

■ 

No.  of  Blades  * 

62 

1 

Pitch  * 

1. 15631 

Tolerance  - 

-.00000 

Gaging  » 

.44578 

Uncovered  Turning  * 

13.56141 

Gaging  Angle  » 

22.67599 

Area  * 

.14634 

Axial  Chord  * 

.92913 

1 
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TABLE  XXXIX 
SECOND  STAGE  VANE 


Section  G-C 

AT  R-  11.44500 

Pet  cent 

X 

V 

(Circle) 

Y 

(Circle) 

X 

(Topi 

(Bot)' 

.00 

-.21736 

.65220 

.63778 

.59324 

.63778 

.01 

-.20806 

65969 

65950 

.59762 

.61607 

.02 

-.19876 

.66690 

.60164 

.61003 

.03 

-.18946 

67380 

.60530 

60785 

.04 

-  18016 

68041 

60859 

.60866 

.05 

-.17086 

68670 

.61152 

.10 

-.12436 

.7 1 349 

62066 

.15 

-.07786 

.73212 

.62048 

.20 

•03136 

74219 

.61 100 

.25 

01514 

.74328 

.59238 

.30 

.06164 

.73499 

.56492 

.35 

.10814 

.71696 

.52905 

.40 

.15464 

.68885 

.48530 

.45 

.20114 

.65037 

.4  j423 

.50 

.24764 

.60)28 

.37647 

.55 

.29414 

.54138 

.31260 

.60 

.34064 

.47056 

.24323 

65 

38714 

.38885 

.16891 

.70 

43364 

.29682 

.09015 

.75 

.48014 

.19551 

.00743 

.40 

.52664 

.08621 

-.07883 

.85 

.57314 

-.02975 

-.16824 

90 

61964 

-.15113 

-.26047 

95 

66614 

-.27691 

-.35520 

.98 

.69404 

-  35412 

41  314 

-.41305 

90 

70334 

-.38011 

-.43262 

-41792 

1  OO 

71264 

-.40622 

-.40794 

-45218 

-  40794 

if  Center 

(-.18736. 

.637781 

R  *  .03(810 

It  Center 

1  .70264, 

-.407941 

R  =  .01(881 

Certer  of  Gravity 

(.26284, 

3’709l 

Radial  Reference 

(.41436. 

.441061 

Gaging  - 

.44628 

Neve  Point 

(-.21304. 

.62227) 

Tail  Point 

(  .70641, 

-.41721) 

LE  Tangency  Pointc 

Top 

(-.20573. 

,66150)  Bottom 

(-.17834. 

.60917) 

TE  Tangency  Point* 

Top 

( .71206. 

-.404591  Bottom 

( .69363. 

-.41228) 

Inlet  Angle  ■ 

62.37158 

Exit  Angle  ■ 

22.65937 

1 

No.  of  Blade*  » 

62 

Pitch  * 

1.15986 

Tolerance  » 

-.00000 

Gaging  • 

.44628 

Uncovered  Turning  » 

13.47667 

Gaging  Angle  ■ 

22.62978 

Area  * 

.14717 

Axial  Chord 

.93000 
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APPENDIX  VIII 

DERIVATION  OF  EQUATION  USED  IN  CALCULATING 
MASS  FLOW  INGESTION  IN  TURBINE  ROOT  CAVITIES 

(U)  The  following  analysis  is  offered  as  a  method  to  obtain  a  rough  estimate  of  the  amount 
of  tlow  ingested  into  the  root  cavities.  The  assumptions  used  are: 

!.  Constant  specific  heats. 

2.  The  ingested  mass  tlow  is  the  same  at  each  of  the  four  root  cavities. 

3.  The  total  pressure  of  the  ingested  tlow  is  reduced  from  the, free  stream  value 
to  the  cavity  static  pressure  at  the  point  of  ingestion. 

4.  The  ingested  flow,  upon  re-entering  the  mainstream,  has  no  effect  -n  the 
turbine  performance. 

5.  The  turbine  is  adiabatic. 

1 U)  The  appropriate  T-S  diagram  is  shown  in  the  following  figure: 


(U)  It  follows  from  this  diagram  that  the  turbine  efficiency  is: 
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(U)  The  row  If'ss  terms  arising  in  equation  (2)  are: 


(U)  The  leakage  efficiencies  appear  in  the  vane  loss  forms  in  the  above  equation  because  the 
tosses  due  to  rotor  tip  leakage  flow  are  computed  by  assuming  that  this  flow  expands  through 
the  entire  stage  pressure  ratio  without  doing  any  work,  hence: 


Combining  the  proceeding  equation  with  equation  (3)  and  reducing  the  resulting  equation 
to  a  simpler  form  yields. 
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(U)  For  the  four  cavities,  the  entropy  increase  is. 


o  uuinktrejm 


o  cavity 


(■’.)(—) 

k 


(U)  Combining  equations  ( I ),  (4)  and  (5)  gives  the  result: 
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Nomenclature 

T  -  Absolute  temperature 

P  -  Absolute  pressure 

S  -  Mass  specific  entropy 

•  -  Base  of  the  natural  log  system 

ijt  -  Turbine  total-to-total  efficiency 

Cp  -  ,  Specific  heat  at  constant  pressure 

k  -  Specific  heat  ratio 

In  -  Natural  logarithm 

PR  -  Turbine  total-to-total  pressure  ratio 

»1L  -  Rotor  leakage  efficiency,  the  ratio  of  mass  flow  passing  through  the  blade  to 

the  turbine  mass  How  rate 

if,  -  Ingestion  efficiency,  the  ratio  of  the  mass  flow  not  ingestedinto  a  cavity  to 

the  turbine  mass  flow  rate 


o  -  Stagnation  condition 

i  -  tur^i'v  inlet  plane 

i  -  Turbine  exit  plane 

•  -  Ideal  state 

iv  -  First  vane 

is  -  First  blade 

iv  -  Second  vane 

ib  -  Second  blade 

is  -  First  stage 

is  -  Second  stage 


ns*  no. 
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